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FOREWORD 

The work reported here  w a s  carried out  by the Philco-Ford 

Corporation, Microelectronics Division a t  i t s  fac i l i t i es  i n  

Lansdale and Blue Bell, Pennsylvania. This r epor t  covera the 

work performed from 28 June 1966 through 16 August 1968 on 

Contract No. NAS8-18048, 

The program w a s  administered by M. Nowakowski of the 

Q u a l i t y  Laboratory, George C. Marshall Space F l igh t  Center, 

Huntsvil le,  Alabama. The p r o j e c t  bore the Philco-Ford i n t e r n a l  

number R- 5 18. 
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,T - INTRODUCTTON 

1.1 OBJECTIVE 

The contract program had a$ its objective the development: of a g'lass 

material and technique for the passivation and encapsulation of aimiconductor 

elements and their associated interconnection metalization. 

material developed through this task provides a more reliable protection for 

semiconductor elements than i s  presently available through oxide passivation 

and hermetically sealed packages. 

The glass 

1.1 APPROACH 

To meet the contract: objectives, the program was divided into eight 

tasks: 

1.. 

2,  

3, 

4 ,  

5 .  

6 ,  

7, 

8. 

Information Study 

Maferlals Gcudy 

Deslgn Evaluation 

Manufacturing Study 

Manufacture of Glass Encapsulated Devices 

Performance Evaluation of Glass Encapsulated Devices 

Specification for Encapsulation 

Procedure for Encapsulation. 

1.3 ORGANIZATION OF REPORT 

Sections TI through VITX present the technical discussion of each of 

the Tasks in numerical order (Tasks 7 and 8 are discussed in one section). 

The appendices contain data too detailed for inclusion in the main body of' 

this report, 

-1- 



1.4 SUMMARY 

A technique for providing additional encapsulation for semiconductor 

elements has been developed, 

over the surface of an oxide-passivated semiconductor chip by reacting 

In this technique, a glass coating is formed 

silane with oxygen, 

sheath for the semiconductor chip, 

This coating provides an additional protective 

The benefits which accrue from such a coating are as Eollows: 

1, Redundant enviranmental protection -- the glass coatling 
provldes a second line of defense over and above, the 

protection provided by the package. 

Higher manufacturing yield -- chips and scratches incurred 2 ,  

in handling the semiconductor elements during dicing, test; 

and assembly are minimized, 

Better reliability -- chips and scratches which pass a 

visual or electrical screening but which may prove to be 

reliability hazards are eliminated. 

3 ,  

4 ,  Multilayer metalization -- the glass can serve as the 
dielectric layer between various levels of metal interconnect, 

Reduced surface channeling -- the glass may be used ta 
increase the dielectric thickness between metal overruns 

and the underlying silicon, thereby reducing the field 

which induces the channel, 

Reduced parasitic capacitance -- the glass may be used t9 
increase the dielectric thickness between metal pads or 

overruns and underlying silicon so as to reduce capacitive 

coupling e 

5 ,  

6 .  

It is concluded that the defined process is ecofiomical, easy t o  

implement, and does offer the advantages cited above, 

-2- 



2 e 1 ~ ~ ~ R ~ C T 1 ~ ~  

11: was the purpose o f  t h i s  Cask t o  determine what methods and 

materials am p r e a m t l y  ava i lab le  for  encapsulating semlconductar 

junction structuxea I n  op t i ca l ly~f ranapa ren t  glasa. 

For a glassy material  t o  be su i t ab le  for u8e a8 an encapaulant o f  

semiconductor elements, i t  muat be capable o f  performing the fallowing 

Eunctiona: 

and (2) prodd ing  the semiconducfor element with mechanical and chem.Lcsl 

(1) protecting, the semiconductor element from t t s  smb$.ant, 

protec t ion ,  

encapsulant rrmsrt have the Following properties:  

Xn view sf thee@ funct ional  requirements, a su i tab le  

I ,  I n  general, the mater ia l  must be an insu la tor  

with a high d i e l e c t r i c  s t rength ,  

2 ,  X f  I t :  is t o  pro tec t  the semiconductor element 

from being affected by i t s  ambient, i t  must be 

free af  pinhales; i t  must br?. dense with respect . .- 

t o  IprevePrtlng transverse ion migration; and i t  

must: have a low d i e l e c t r i c  constant .  

3. If the mater ia l  is to  provide mechanical pro- 

tec t ion ,  i t  must possess some degree of r i g i d i t y .  

It must be i n e r t  i n  t h a t  i t  must produce no 

de le te r ious  e f f ec t a  when applied t o  the element, 

and i t  must wt r eac t  with possible ambLenta, 

4 ,  

-3- 



5 ,  

6 ,  

Prom the r e l i a b i l i t y  view point ,  the encapsulating 

mater ia l  should be s t ab le  and shovld possess no 

hhomogeneitiea,  

F ina l ly ,  there  will be other  minor proper t ies  a f f ec t ing  

the p r a c t i c a l i t y  of a mater ia l  f o r  use as an 

encapsulant, 

2 - 2  MATERIAZS 

Materials  whose bulk values ind ica te  t h a t  they may be considered 

tls encapsulant8 and which have been deposited as  f i l m s  are the following: 

SigN4, SIO, SiO2,  3A1203'2S102, Al2O3, BN, Dy2Q3 - B2O3 - Si0Zr 

bo ros i l i ca t e  g l a s s  (Corning Pyrex 7740), calcium aluminesi l icate  g lass  

(Corning 191 CP), quartz seal ing glass (GE GSC-l), antimony s i l i c a t e  

g l a s s ,  and boroaluminosilicafe g lass .  The stoichiometry of the materials 

i n  the f o m  of deposited g lass  fi lms i s  never c e r t a i n .  

must be understood t h a t  when chemical formulas a re  used t o  iden t i fy  

a f i lm,  they merely ind ica te  the approximate atomic r a t i o s ,  

Therefore, i t  

Table 1 l i s t a  some of these mater ia l s ,  as well as s i l i con ,  with 

values f o r  a number of t h e i r  per t inent  bulk proper t ies ,  

helpful  as a rough guide f o r  chooeing a mater ia l  as  an encapsulant, 

It must be taken i n t o  consideration t h a t  the values of f i lm propert ies  

w i l l  vary somewhat from bulk value, 

The tab le  i s  

These values may depend on the method 

of f i lm formation and on f i lm  thickness a s  well a5 on stoichiometry, 

Furthermore, such a property as freedom from pinholes w i l l  pe r t a in  only 

t o  the mater ia l  i n  f i lm  form, 

-4- 
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These mater ia l s  have been deposited as g lassy  f i lms by the following 

techniques: 

vapor p l a t ing ,  and g l a s s  discharge vapor deposit ion; s i l i c o n  monoxide 

S i l i con  n i t r i d e  by r eac t ive  sput te r ing ,  r - E  Sputtering, 

by c o i l  evaporation; s i l i c a  by e l ec t ron  beam evaporation, reac t ive  

sput te r ing  

and e l ec t ron  bombardment polymerization-plus-oxidation; alumina-silica by 

r - f  sput te r ing ,  e lec t ron  beam evaporation, and vapor p la t ing ;  alumina by 

e lec t ron  beam evaporation, reac t ive  evaporation, reac t ive  sput te r ing ,  

r - f  sput te r ing ,  and vapor p la t ing ;  boron n i t r i d e  by r - f  sput ter ing;  

dysprosium boros i l ica te  g lass  by c o i l  evaporation; bo ros i l i ca t e  g l a s s  

by c o i l  evaporation, r - f  sput te r ing ,  vapor p la t ing ,  and s e t t l i n g ;  calcium 

alumino-sil icate and quartz sea l ing  g lass  by r-f  sput te r ing ;  and antimony 

s i l i c a t e  g l a s s  and boroaluminasil icate g l a s s  by vapor p la t ing .  

technique i s  described i n  Appendix A.  

r - f  sput te r ing  vapor p l a t ing ,  glow discharge vapor deposit ion,  

Each 

2 . 3  ANALYSIS AND RECOMMENDATIONS 

From among the g l a s s  mater ia l s  being considered as pro tec t ive  f i lms ,  

two stand out as superior from the standpoint of introducing l e a s t  mobile 

charge. 

The other  i s  Si3N4, which has been used as a d i e l e c t r i c  i n  developmental 

insulated-gate, f i e l d  e f f e c t  t r ans i s to r s  and has been considered f o r  planar 

device f ab r i ca t ion ,  

One of these i s  S i 0 2  vapor plated by the oxidation of s i l ane .  

Taking a l l  considerations i n t o  account, i t  w a s  concluded tha t  the 

g rea t e s t  success may be obtained by using the low temperature oxidation 

of s i l ane  process, o r  one of i t s  modifications.  

-6 - 



I11 - TASK 2 - MATERIALS STUDY 

3 .1  INTRODUCTION 

The purpose of this task was to determine the optimum character- 

istics of the encapsulating material as follows: 

a, 

b, 

C. 

d. 

e. 

f. 

Thickness of deposition. 

Type o f  glass. 

Method o f  application, such as chemical 

deposition or glass frit. 

Preparation required prior to application, 

Compatibility of thermal expansion coefficients 

of the materials used. 

Related characteristics of the materials involved. 

Any material selected as an encapsulant should be broadly applicable 

to semiconductor devices ranging from diodes through bipolar integrated 

circuits and MOS type products, To this end, its deposition must be 

compatible with a wide range of wafer processing techniques as well 

as assembly and packaging processes. 

a protective encapsulating coating, there should be no deleterious effects 

on electrical performance, 

Thus, in addition to providing 

In view of this requirement, any glasses which would be potentially 

useful as encapsulants would be those which, in the form of thin 

deposits, have the following characteristics: 

1, Are insulators of high dielectric strength; 

2. Are rigid, inert, and stable; 

3 .  Are crystallographically and structurally compact and, 

as such, not prone to formation of pinholes, to porosity, 

or to transverse ion migration. 
-7- 



Obviously, not all pocasible materials for glass encapsulation 

will posrsass all these characteristics t o  a high degree, 

certain amount of "trading-off" o f  characteristics can be expected. 

Instead, a 

Certain practical considerations limit the number of potentially 

useful, materials that could be employed as encapsulants, 

it is economically desirable to apply the glassing material ta wafers 

rather than individual devices t o  which bonded connections have already 

For example, 

been made, 

be delineated and etched to permit connections to be made at some later 

time, Therefore, the material must be etchable. 

However, if the glass i s  applied to the wafer@, it, musf 

Furthermore, if an elevated temperature is necesaary for the 

deposition of the glass film, then that temperature must not be 80 

high as to have an irreversible, deleterious effect upon the wafer, 

Since A1 metalizations are quite often used on S i  devices, the upper 

temperature limit of a wafer containing such devices must be below the 

A1-Si eutectic temperature, which is 577OC 
1 . 

Finally, the existing technology governing the deposition oE a given 

material by a given process must be so advanced as to permit the deposition 

of the required thickness within a practical time, 

Taking the above considerations into account, we concluded that the 

greatest success would be obtained by using the low temperature 

oxidation of silane, or one of its modifications. 

-0- 



3.2 THICKNESS OF DEPOSITION 

3.2.1 General Considerations 

I n  determining the optimum thickness f o r  a g l a s s  encapsulating 

layer ,  eonsideration of t he  need fo r  physical  and chemical protect ion 

alone ind ica tes  t h a t  the thicker  a layer  i s ,  the more protect ion i t  

w i l l  provide, 

For example, as thickness increases ,  the surface pinhole densi ty  

of depoaited glasses  decreases. Furthermore, the adverse e f f e c t s  of 

a constant l eve l  of porosi ty  and pinholes decrease a s  the thickness 

increases  

The method o f  deposit ion which was studied i n  d e t a i l  can be 

c l a s s i f i e d  as a molecular deposit ion technique. I n  t h i s  technique,’ 

the s ides  of specimen d e t a i l s  are coated a s  w e l l  as the tops,  Other 

deposit ion techniques are characterized by the s t r a igh t - l i ne  t r ans fe r  

of mater ia l  from source t o  subs t ra te ;  surface d e t a i l s  i n  t h i s  case 

produce the phenomenon of shadowing, 

a r e  coated during a molecular deposit ion technique, they are probably 

not coated qui te  as  th ick ly  as  the top horizontal  surfaces .  Since the 

major topographical fea tures  of an integrated c i r c u i t  a r e  the 

metal izat ions,  these t h i n  s ide  coatings represent  po ten t ia l  shor t  

c i r c u i t s o  

a t  l e a s t  as th ick  a s  the rnetalizations,  t h a t  is, the  g l a s s  coating 

should be a t  l e a s t  10,000 

Although the s ides  of d e t a i l s  

This p o t e n t i a l i t y  can be avoided i f  the  g lass  layer  is made 

Also, the abrasion res i s tance  of the g l a s s  i s  grea te r  fo r  grea te r  

thicknesses,  

the  s o f t  A1 metal izat ions,  here again i t  i s  advisable f o r  the  g lass  

Since t h i s  qua l i ty  i s  useful  i n  preventing scratches i n  

-9- 



layer  thickness t o  be a t  least as grea t  as the thickness of those 

metalizations.  

not r e s u l t  i n  open c i r c u i t s ,  produce a high resis tance which ul t imately 

can result i n  f a i l u r e .  

Scratches i n  the A1 metalizations,  even when they do 

Fina l ly ,  the dissolut ion of metalizations due t o  e lectro-  

chemical cell act ion has been observed t o  occur on integrated c i r c u i t s  

when they are exposed t a  a moist environment. 

layer  i s  t~ re ta rd  such electrochemical act ion,  then the thicker the 

If a g lass  encapsulating 

glass layer  the greater  the re ta rda t ion ,  

However, i n  determining the optimum thickness of the g lass  layer ,  

there are several  considerations,  i n  addi t ion t o  those of physical and 

chemical protect ion,  t h a t  must be taken i n t o  account. These a r e  

(1) s t r a y  capacitances from metalizations t o  a f i e l d  p l a t e  (when a 

f i e l d  p l a t e  i s  used); 

the glass layer;  (3) the accuracy of etching contact cu ts  of a given 

(2) the precision of del ineat ion of holes i n  

depth without excessive etching of the underlying metalization; and 

( 4 )  the Gtress i n  the g lass  fi lm. 

3 , 2 , 2  Specif ic  Considerations 

3.2 .2 .1  Stray Capacitance 

I n  c e r t a i n  s i tua t ions  i t  may be desirable  t o  use a f i e l d  p l a t e  

(large-geometry conducting film) over the g lass  encapsulating layer  

of an integrated c i r c u i t .  Such a measure can be employed t o  prevent 

a lateral  e l e c t r i c  f i e l d  from exis t ing  a t  the ambient-dielectric 

in te r face .  In the absence of a l a t e r a l  f i e l d ,  l a t e r a l  surface ion 

migration w i l l  not occur. This i s  t r u e  whether the ambient i s  a gas 

i n  a hermetically sealed package, room air  over an unsealed device, 

-10- 



o r  p l a s t i c  over a coated subs t ra te  containing ac t ive  devices or c i r c u i t s .  

Another appl ica t ion  of the f i e l d  p l a t e  i s  t o  cause mobile ions having a 

spec i f i c  charge, which a r e  found i n  the g l a s s  layer ,  t o  migrate toward 

the p l a t e  ra ther  than toward the device,  

by the appl ica t ion  of a su i tab le  bias  t o  the f i e l d  p l a t e ,  

espec ia l ly  useful  i f  c e r t a i n  ions which produce an undesirable e f f e c t ,  

are known t o  be a t  the device surface.  

This could be accomplished 

This i s  

However, the s t r a y  impedance which e x i s t s  between the metal izat ions 

and a f i e l d  p l a t e  of t h i s  nature l i m i t s  the frequency response of the 

integrated c i r c u i t .  The s t r ay  impedance has a component due t o  the 

res i s tance  o f  the g l a s s  d i e l e c t r i c  which w i l l  be i n  p a r a l l e l  with a 

component due t o  the capacitance between the metal izat ions and the 

f i e l d  p l a t e ,  Thus, i f  Z, i s  the s t r a y  impedance, then 

where R 

reactance due t o  i t ,  A complete t r ans i en t  analysis  of the problem 

requires  a spec i f i c  knowledge of the harmonic components of the input  

s ignal  t o  the integrated c i r c u i t  as well as  the impedance cha rac t e r i s t i c s  

of the devices i n  the c i r c u i t .  However, a rough approximation based on 

a very simple model i s  a l l  t ha t  i s  required a t  t h i s  po in t ,  

short  length of metal izat ion,  4 ,  of width w which has been covered with 

is  the res i s tance  due t o  the g l a s s ,  and Xc i s  the capaci t ive 
8 Jg 

Consider a 

a g l a s s  layer  of thickness tg, a s  i n  Figure 1. 

res i s tance  and capacitance o f  the d i e l e c t r i c  l aye r  a r i s e  only from the  

d i e l e c t r i c  within the volume o f  the metal izat ion and i t s  normal project ion 

on the f i e l d  p l a t e ,  then we have: 

Assuming t h a t  the p a r a l l e l  
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FIELD. PLATE 

Figure 1. Generalized model for s t r a y  
capacitance calculat ion.  r 
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wherep i s  the  r e s i s t i v i t y  of the g l a s s ,  and 
g 

where Cg is  the "para l le l  plate"  capacitance of the metal izat ivn and the 

f i e l d  p l a t e ,  w i s  the frequency, K i s  the d i e l e c t r i c  constant of the 

g l a s s ,  and eo i s  the permi t t iv i ty  of f r e e  space, 

ser ious degradation of the response of the integrated c i r c u i t ,  i n  general 

the s t r ay  impedance, Z s ,  must be as  la rge  a s  possible .  By inspect ion,  i t  

i s  apparent t ha t  a high 2, i s  obtained when 

8 

Therefore, t o  prevent 

{a) the design parameters 

(1) 

(2) 

4 and w a re  as small as  possible ,  and 

fg i s  as grea t  as  possible;  

and (b) the mater ia l  parameters 

(1) 

(2) 

p g  i s  as grea t  a s  possible ,  and 

Kg i s  as small a s  possible .  

3.2.2.2 Delineation 

The method by which openings a re  generated i n  the g lass  f i lm f o r  

purposes of e l e c t r i c a l  connection is  etching through photoresis t  masks. 

An important consideration when etching through masks i s  tha t  the l a t e r a l  

e tch  r a t e  i s  approximately equivalent t o  the transverse e tch  r a t e .  

Because of t h i s ,  the thicker  a f i lm i s  r e l a t i v e  t o  the dimensions of 

the opening, the l e s s  f a i t h f u l  the f i n a l  opening dimensions w i l l  be 

r e l a t i v e  t o  the or ig ina l  mask. However, the degree of f i d e l i t y  

required when cu t t i ng  through g lass  passivating layers  i s  not as  grea t  
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as t h a t  required when del ineat ing s t ruc tu res  beneath the g l a s s  layer .  

I n  f a c t ,  an e r r o r  of about 5% i s  to le rab le .  This i s  the s i t u a t i o n  when 

the narrowest opening dimension i s  f o r t y  times grea te r  than the g l a s s  

f i lm thickness.  Under these conditions,  an opening with B narrowest 

dimension of 5 m i l s  (125 @) l i m i t s  the maximum g la s s  thickness t o  

3 . 1  p. But, i f  e i t h e r  the e tch  geometry e r r o r  o r  the dimensions of 

the openings a r e  required t o  be less than the values t h a t  were assumed, 

then the maximum to le rab le  g l a s s  thickness i s  correspondingly lower, 

3 . 2 . 2 . 3  Etch Depth Accuracy 

The etchant which i s  used t o  generate the openings i n  g lass  layers  

i s  se lec t ive  i n  t h a t  i t s  e tch  r a t e  for  fi lms of g l a s s  i s  r e l a t ive ly .  

g rea te r  than i t s  e tch  r a t e  for  evaporated metals of the kind t o  which 

contacts  must be made. However, i n  p rac t i ce ,  t rue  etchant s e l e c t i v i t y  

i s  not obtained. There a re  several  reasons f o r  t h i s .  When an adherent 

g l a s s  f i lm is  deposited on a metal izat ion,  a c e r t a i n  amount of sol id-  

s t a t e  chemical reac t ion  takes place a t  the glass-metal in te r face .  I n  

f a c t ,  such a reac t ion  i s  necessary f o r  good f i lm adherence. Although 

the ex ten t  of such a reac t ion  i s  l i m i t e d  i n  terms of bulk dimensions, 

i t  can be s ign i f i can t  i n  terms of f i lm dimensions. 

terms of the problem here i s  t o  so modify the etching cha rac t e r i s t i c s  

I t s  e f f e c t  i n  

of the chemically reacted metal tha t  they tend to  become more s imi la r  

t o  those of the g lass .  Since etchants  cannot be considered to  be 

absolutely se l ec t ive ,  the etching t i m e ,  t ,  must be control led to  

e t ch  openings i n  g l a s s  fi lms of a given thickness,  d .  

etching tha t  has been empirically determined i s  r ,  then we have 

I f  the r a t e  of 

r t  = d .  
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I f  

the material (due t o  point-to-goint inhomogeneity across a wafer), 

and Ed i s  the f r ac t iona l  e r r o r  i n  d due t o  thickness non-uniformity 

of the g l a s s  f i lm,  then there  i s  a f r ac t iona l  e r r o r ,  c t r  induced i n  

the t i m e  required f o r  etching, 

e, i s  the  f r ac t iona l  e r ro r  involved i n  knowing the e tch  r a t e  of 

Therefore, 

Since the e r ro r s  i n  e tch  rate and f i lm  thickness can be e i t h e r  pos i t ive  

o r  negative,  then the maximum e r ro r  i n  t i m e ,  which i s  real ized when a 

sample i s  etched su f f i c i en t ly  loqg t o  remove the thicknest and most etch- 

res i s tance  regions,  i s  

The absolute e r ro r  i n  the e tch  t i pe ,  A t ,  i s  

d At  = c t t  = Et; 

Thus we see t h a t  the absolute e r r p r  i n  etching t i m e ,  AT, besides depending 

on the e t ch  r a t e  e r r o r  and thickness non-uniformity, a l so  depends on the 

thickness of the g l a s s  layer .  The probabi l i ty  of etching the underlying 

metalization. increases  with A t ,  and therefore  with d ,  the thickness of 

the g lass .  

-15- 



It i s  d i f f i c u l t  to  quan t i t a t ive ly  co r re l a t e  considerations such as 

these with a maximum g l a s s  thickness. Therefore, i t  must s u f f i c e  t o  

conclude t h a t  these considerations l i m i t  the maximum p r a c t i c a l  f i lm  

thickness, and t h a t ,  i n  general ,  increases i n  f i l m  thickness w i l l  

adversely a f f e c t  the e t ch  depth accuracy. 

3 . 2 , 2 . 4  S t r e s s  

Glass f i lms ,  as they are deposited, are generally found t o  be 

under stress a t  room temperature. I n  f a c t ,  f i l m s  i n  general, whether 

metal, semiconductor, o r  d i e l e c t r i c ,  are r a re ly ,  i f  ever ,  deposited 

i n  a stress-free condition. The stress i n  g l a s s  f i lms ,  however, limits 

the thickness t o  which they can be deposited. Beyond t h i s  thickness, 

the f i lms  rupture.  

A t  Philco-Ford, f i lms of Si02 have been deposited by means of 

the s i l a n e  process onto t h i n  and f l e x i b l e  all> S i  wafers t o  observe 

the stress. During deposit ion,  the subs t ra tes  warped concavely as 

viewed from the f i lm s ide ,  indicat ing the f i lm w a s  under tension. 

They remained warped even after they cooled to room temperature. This 

stress l i m i t s  the  maximum thickness of Si02 which can be deposited on 

a non-deformable S i  wafer by t h i s  process t o  between 1.5 and 2.0 p. 

Invest igat ions of the factors associated with stress i n  f i lms  have 

mainly d e a l t  with m e t a l  f i l m s  formed by vacuum evaporation. 

f a c t o r s ,  nevertheless,  have a g rea t  dea l  of relevance t o  g l a s s  d i e l e c t r i c  

f i l m s  produced by e i t h e r  chemical techniques o r  r-f sputtering. The 

f a c t o r s  which produce o r  a f f e c t  the stress i n  fi lms are: 

These 
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1, The thermal coef f ic ien ts  of expansion of the f i lm and the 

subs t ra te ,  When a f i l m  i s  deposited a t  an elevated temperature, 

d i f f e r e n t i a l  thermal contraction between f i lm and substrate  w i l l  

produce a stress i n  the f i lm as i t  cools t o  room temperature. 

This type o f  stress i s  reversible .  

2 2, 

When a material such as a mecal i s  evaporated onto a subs t ra te ,  

condensation takes place a t  a temperature which i s  generally 

grea te r  than room temperature. Since the state of thermal 

expansion of the condensate i s  c h a r a c t e r i s t i c  of t h a t  tamper- 

ature,  whereas tha t  of the substrate  might be much lower, then 

when the condensate contracts  upon cooling i t  w i l l  become stressed.  

This type of s t r e s s  i s  a l s o  reversible .  

The r e c r y s t a l l i z a t i o n  temperature of the f i lm material, 

3 3 ,  Crystal l ine imperfections, vacancies and dis locat ions.  

The c r y s t a l l i n e  l a t t i c e  i n  the v i c i n i t y  of a vacancy i s  

d is tor ted  inwardly toward the vacancy, t h a t  i s ,  the vacancy 

produces a t e n s i l e  stress i n  the la t t ice ,  Dislocations,  on 

the o ther  hand, cause the l a t t i c e  t o  be i n  a somewhat expanded 

s t a t e .  They produce a compressive stress i n  the l a t t i c e ,  Other 

imperfections may a l s o  produce s t resses .  These stresses a r e  

i r r e v e r s i b l e  i n  the sense t h a t  they can not be annealed out,  

4 
4 ,  

This fac tor  per ta ins  t o  unidirect ional  deposit ion techniques 

such as evaporation. 

The angle of incidence o f  the vapor beam during deposit ion,  
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2 
5. The res idua l  gas composition during deposit ion.  

5 6 ,  The absorption of gases a f t e r  evaporation. 

6 7, Surface tension and compression e f f e c t s .  F i l m s  t h a t  are 

s t i l l  i n  the i s land  stage of development exh ib i t  stress which 

i s  p a r t l y  due t o  the  surface tension of the islands and pa r t ly  

due t o  the cohesive forces  between the i s lands .  

8. Voids and porosity.  When voids are occluded i n  fi lms with 

a pos i t ive  surface tension, the net  e f f e c t  i s  a t e n s i l e  stress 

because the l a t t i c e  i s  d i s to r t ed  i n  toward the voids. Porosity 

can s imi la r ly  produce s t r e s s  i n  f i lms.  

9.  La t t i ce  mismatch ’. A f ac to r  contr ibut ing t o  the stress 

i n  ep i t ax ia l  heterogeneous overgrowths. 

For g l a s s  fi lms produced by the s i l ane  process,  the important 

f ac to r s  associated with s t r e s s  a re  differences i n  thermal expansion 

coe f f i c i en t s ,  the res idua l  gas concentration during deposit ion,  and 

voids and porosi ty  i n  the r e su l t an t  f i lm. The f i r s t  fac tor  i s  

important because the s i l ane  process requires  t h a t  the fi lms be 

formed a t  elevated temperatures on subs t ra tes  a l s o  a t  elevated temper- 

a tures .  The second reason i s  generally an important one i n  systems t h a t  

involve oxygen. When the deposit ion conditions are modified so as 

t o  a f f e c t  the stoichiometry of the g l a s s  f i lm,  then any such modification 

which favors the oxygen content of the f i lm w i l l  increase compression 

of the r e su l t an t  f i l m s  and vice versa. The th i rd  reason can be 

expected t o  be important because the g l a s s  fi lms by the s i l ane  process 

a r e  generally less dense than bulk Si02. 
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Recrystallization temperature effects and crystalline imperfections, 

voids, and dislocations are usually very important factors associated 

with the stress in films. Although they are usually the most important 

causes of stress in metal films, they are crystallinity-dependent 

factors, and, as such, rather insignificant with regard to the stress 

in glass films, 

It may be desirable to change the stress in glass films for 

several reasons. Obviously, if the upper limit of thickness of a glass 

film due to stress becomes objectionable, it may be desirable to form 

glass films with less or, if possible, no stress in them, On the other 

hand, assuming that a perfect match of coefficients of expansion between 

film and substrate cannot be obtained, then even a zero initial stress 

might not be favorable. The best solution is to incorporate an initial 

compressive stress in the glass film. Depending upon just what the 

differential expansion between film and substrate is, such a measure 

can be used to compensate for an anticipated dimensional incompatibility 

at either elevated temperature storage or operation. The previous 

comments concerning stress in glass films indicate that the modification 

of the proportion of reactants is the easiest way to produce a change 

in the stress of a given film. Changing the void content or the porosity 

of a film is not as easy. Likewise, to change the thermal coefficient of 

expansion of a film so as to match the substrate is quite difficult, if 

not impossible. However, the latter can be accomplished if the film 

itself is changed. This possibility is discussed in sub section 3.5. 
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3 .3  THE TYPE OF GLASS AND ITS METHOD OF DEPOSITION 

Our s tudies  indicated t h a t  the object ives  of g l a s s  encapsulation 

can be rea l ized  with the g rea t e s t  amount of success i f  Si02 deposited 

by the s i l a n e  process i s  used as the pro tec t ive  g l a s s  layer .  

g l a s s  technique may not  perform every funct ion of a pro tec t ive  layer  

b e t t e r  than any other  material o r  deposit ion technique, i t  i s  the bes t  

method ava i lab le  a t  the present l eve l  of so l id - s t a t e  technology. The 

se l ec t ion  of the s i l ane  process resu l ted  from considering the design 

requirements and trade-offs of c h a r a c t e r i s t i c s  among the competing 

techniques f o r  g l a s s  encapsulation. On the whole, the s i l ane  process 

provides semiconductor devices with chemical and physical p ro tec t ion  

While t h i s  

from t h e i r  environment b e t t e r  than any other  g lass ing  technique. 

The c h a r a c t e r i s t i c s  of S i 0 2  deposited by the s i l ane  process which 

led t o  the  above conclusions are:  

1. It i s  completely compatible with a l l  the device 

processing s teps  tha t  precede i t  i n  t i m e ;  the  

temperature required f o r  the deposit ion process i s  

lower than any c r i t i c a l  temperature t h a t  i s  general ly  

c h a r a c t e r i s t i c  of semiconductor devices. 

2 .  It r e s u l t s  i n  a layer  of high r e s i s t i v i t y  and low 

d i e l e c t r i c  constant with a per fec t ly  adequate 

d i e l e c t r i c  s t rength.  

3 .  It r e s u l t s  i n  uniform thickness depos i t s  over la rge  

areas  and has the a b i l i t y  t o  coat  the s ides  of 

topographical fea tures  as w e l l  as the tops.  
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4 ,  

5. 

6. 

7. 

8. 

9. 

The g la s s  layers  have very low pinhole dens i t ies .  

The deposi ts  a r e  s u f f i c i e n t l y  r i g i d  t o  provide a high 

level of mechanical pro tec t ion  t o  the metal izat ions.  

The deposi ts  have etching cha rac t e r i s t i c s  t h a t  permit 

the de l inea t ion  and etching of cu t s  t o  the contact pads 

of underlying metal izat ions.  

The g l a s s  layers  are s t ab le  over extremely long periods 

of time. 

The layers  contain a very low leve l  of contamination. 

The deposit ion rates t h a t  can be obtained r e s u l t  i n  

very reasonable times f o r  the deposit ion s tep.  

Other advantages of the s i l ane  deposit ion system are: 

1. The technique i s  already w e l l  enough developed t o  

permit i t s  incorporation i n t o  a production system. 

2 .  The technique i s  economical, both i n  terms of c a p i t a l  

equipment required by the deposit ion system, and the 

expendable mater ia l s  t h a t  the deposit ion system consumes. 

The manipulation of the  deposit ion system requires  

minimal operator t ra in ing  and can be automated i f  necessary. 

3 .  

The only drawback t o  using SiOz deposited by the s i l ane  process i s  

ion migration. 

not i n h i b i t  the migration of ions e i t h e r  already i n  the deposi t ,  o r  

brought t o  the surface,  

s i l i c a t e  g l a s s  i s  present i n  the system, as i t  general ly  i s  f o r  bipolar 

processes. 

hydrogen ion g e t t e r .  

Spec i f ica l ly ,  a deposited layer  of Si02 from s i l ane  does 

However, t h i s  problem can be solved i f  phospho- 

Tests have shown that i t  a c t s  as an e f f i c i e n t  sodium and 

I n  the case where phosphorus is not used i n  the 
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basic process, then a thin deposit of phosphosilicate glass can be 

formed on top of the silane vapor plated glass. 

glass getters the undersirable ions, and minimizes the one weak 

The phosphosilicate 

characteristic that silane deposited Si02 shares with glass deposited 

by other techniques. 

3.4 PREPARATION PRIOR TO DEPOSITION 

Given a glass film with a linear thermal coefficient of expansion 

that is perfectly compatible with the substrate, there can still be a 

problem - that of poor adherence of the film to the substrate. This 

problem tends to be more critical for thick films that for thin ones, 

since small stresses in films account for greater forces in thick films 

than in thin ones. These forces can cause the film to be sheared free 

of the substrate. 

The factors which have been found to affect the adhesion of films 

to substrates are: 
10 1 .  The materials of the film-substrate pair, 

2. The oxide which forms at the film-substrate interface, 

3 .  The contamination of the substrate, 

4 .  

11 

11 

The aging of films which have been deposited on 

unheated subs trates12 or the deposition of films 

on substrates at elevated temperatures . 11 

The materials in question are deposits of glass and substrates with 

top surfaces of both thermally grown Si02 and a metal - usually Al. 
combination of materials does not pose adhesion problems in itself. 

This 
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Good adhesion between f i l m  and substrate  i s  obtained when there i s  

a cont inui ty  between the s t ruc ture  of the substrate  and the f i lm,  This 

usual ly  occurs via an i n t e r f a c i a l  oxide. For example, f o r  metals 

deposited on oxide subs t ra tes  such as s i l i c a  or  alumina, the grea te r  

the tendency of the m e t a l  t o  form an oxide, t h a t  i s  the la rger  i t s  

negative f r e e  energy of formation of oxide, the grea te r  i s  i t s  adhesion 

t o  the subs t ra te  11 

From t h i s  point of view, g lass  deposits would be expected t o  have 

i s  

I n  r e a l i t y ,  

good adhesion t o  A1 s ince the f r e e  energy of formation of A1203 

-376.77 kcal./mole, which i s  high compared t o  most metals. 

A 1  f i lms on g lass  are somewhat anomalous12. They do not possess the 

adhesion t h a t  a large negative f r e e  energy of formation of the oxide 

suggests. However, A 1  adhesion t o  g lass  i s  not poor; i t  i s  usually 

found t o  be grea te r  than the adhesion of>metals  such as Cu and Cd t o  

g lass ;  and i t  i s  always much greater  than the adhesion of metals such 

as Ag and Au. Furthermore, the aging of A1 films on g lass  i n  a i r  a t  room 

temperature dramatically improves t h e i r  adherence12. 

the formation of the oxide layer  i s  not complete a t  the time of deposition, 

but i n  f a c t  continues even during storage a t  room temperature. 

This suggests t h a t  

There have been no reports  i n  the l i t e r a t u r e  concerning the adhesion 

of g lass  fi lms t o  oxide substrates .  However, on the b a s i s  of the f r e e  

energy of formation of S i02  which i s  -190.9 kcal./mole, adhesion problems 

resu l t ing  from the lack of an i n t e r f a c i a l  t r a n s i t i o n  region were not 

expected, This has been borne out by the experience a t  Philco-Ford. 

Although no quant i ta t ive determinations were made of the adhesion of 

S i 0 2  fi lms formed by the s i lane  process, no indicat ions of poor adherence 

were encountered i n  prac t ice .  
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The subs t r a t e  temperature during deposi t ion i s  another f ac to r  t h a t  

The deposi t ion of a f i lm  onto a heated subs t ra te ,  inf luences adhesion. 

as opposed t o  a subs t ra te  a t  room temperature, tends t o  increase the 

adhesion of the film'' i f  the  e levated temperature promotes oxide 

formation a t  the f i lm-substrate  in te r face .  

The contamination of a subs t ra te  surface can degrade the adhesion 

The exact  degree of c leanl iness  o r  contam- of a f i lm  t o  t h a t  surface.  

i na t ion  of a surface i s  d i f f i c u l t  t o  e s t ab l i sh .  

on subs t ra tes  t h a t  are improperly cleaned have poor adherence . 
Furthermore, severe contamination of a subs t ra te  produces major and 

sometimes t o t a l  loss of adhesion. 

However, f i lms deposited 

11 

A surface preparat ion s tep  used to  increase the adhesion of a 'glass 

coating t o  thermal SiOz i s  the formation of a phosphosil icate g l a s s  top 

layer  by means of phosphorus diffusion.  This increases  the adhesion of 

a g l a s s  deposi t  fo r  two reasons. 

a eu tec t i c  a t  approximately 15 mole percent P2O5 with a eu tec t i c  

temperature of about 97OoC 13. 

poin t  of pure Si02. 

can be rea l ized  by an annealing process as well  as by an oxidation process 

a t  the in t e r f ace ,  and the annealing s tep  i s  more l i k e l y  t o  occur i f  the 

l iquidus temperature of the components can be decreased. Obviously, a 

hea t  treatment f a c i l i t a t e s  i n t e r f a c i a l  cont inui ty ,  whether i t  r e s u l t s  

from annealing o r  oxidat ion,  

F i r s t ,  the  Si02-P205 system forms 

This i s  much lower than the melting 

S t ruc tu ra l  cont inui ty  between deposit  and subs t ra te  

The second reason f o r  the adhesion of a g l a s s  deposi t  t o  be increased 

by the formation of a phosphosil icate g l a s s  top layer  i s  t h a t  phosphosil icate 

g l a s s  tends t o  be hydrophilic.  Since moisture lowers the annealing point  
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of glasses, interfacial continuity can be attained by annealing at a 

low temperature during deposition or during a separate annealing step. 

If a phosphosilicate glass layer is used, care must be taken to avoid 

the presence of excess water at the interface during glass deposition. 

An excess of water impairs glass adhesion, However, a simple bake 

insures the most suitable surface moisture level. 

Another surface treatment used to increase glass-deposit adhesion 

is the elevated temperature drive-in of a fluxing agent such as B2O3. 

Again, interfacial continuity is attained by an annealing processI 

The borosilicate system apparently anneals at about 60OoC. The resulting 

adherence properties are the same as if a borosilicate glass were 

deposited initially. 

of the oxidation of silane with triethylboron alkyl. 

Such a deposit can be chemically vapor plated by means 
14 

Our investigations have shown that the optimum thickness range of 

a glass encapsulating layer of Si02 deposited by the oxidation of 

silane process is 10,000 to 15,000 1. 
capacitance, the resistivity of the layer should be kept as high as 

To minimize leakage and stray 

possible and its dielectric constant kept as low as possible. 

The thermal coefficient of expansion of the glass layer is not 

a problem. However, the versatility of the silane process permits 

additional reactants to be admitted to the oxidation chamber, In this 

way, binary or multi-component glasses of any composition can be 

deposited. With proper selection, the thermal coefficient of expansion 

can be tailored, within limits, to a desired value. 

Finally, glass encapsulating layers are expected to adhere well. 

If phosphosilicate glass layers that have been deposited for the purpose 

of ionic gettering have any effect at all on adhesion, the effect will 

tend to be one of enhancing the adhesion. 
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3,5 COMPATIBILITY OF THERMAL COEFFICIENTS OF EXPANSION OF THE MATERIALS USED 

When i t  i s  necessary t o  change the thermal coe f f i c i en t  of expansion 

of a g l a s s  f i lm i t  can be accomplished by introducing a,new component 

t o  the g lass  system. I n  a binary g lass  system the thermal coef f ic ien t  of 

expansion can be obtained a t  some concentration within the l i m i t s  of the 

pure components. 

The thermal coe f f i c i en t  of expansion of a polycrystal l ine material 

i s  a s t ructure- insensi t ive property; t h a t  i s ,  i t  does not depend upon 

grain s i z e  o r  other  s t ruc tu ra l  p roper t ies  of a material. 

isomorphous o r  eu tec t i c  systems, the values of such propert ies  do not 

have extrema beyond the  values of the pure component l i m i t s ,  

I n  binary 

On the  

other hand, s t ruc tu re  sens i t i ve  proper t ies ,  such as hardness, do, The 

8 same comments are t rue  f o r  systems t h a t  tend t o  be amorphous. 

states t h a t  i n  the case of glasses ,  s ince they are "so l id i f ied  m e l t  

solution", t h a t  many physical propert ies  of oxide g lasses  of more than 

one component can be determined by a summation expression of the  type 

E i t e l  

X = alYl + a2Y2 + a3Y3 .....,..,..... 
where the Y1 are the composition f r ac t ions  of the various components 

of the g l a s s  system, and the a1 are constants which depend upon the 

physical property being considered and the pa r t i cu la r  g lass  system i n  

question, He a lso states t h a t  the thermal coe f f i c i en t  of  expansion 

i s  a property t h a t  possesses such a dependence upon composition, 

Since the l i t e r a t u r e  value of the  l i nea r  thermal coef f ic ien t  

of expansian of S i  i s  4.2 x 10'6/0C, whereas the value f o r  fused s i l i c a  

i s  only 0.54 x 10'6/0C, i t  might appear t h a t  the two materials have 
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mismatch problems. 

7.2 x 10 

However, since the same property for A1203 i s  

-6 o / C, then it might be possible to form a material of 

composition (Si02) 

equal to that of Si. 

(Al203)~ that has a coefficient of expansion 

Figure 2 is the equilibrium phase diagram for the binary system 

Si02 - A1203 ('I. 

crystallographic configurations of Si02 are the low and high modifications 

of quartz. However, it is the vitreous modification of these materials 

that is relevant to glass encapsulation. 

Below about 850°C down to room temperature, the stable 

The films obtained from the 

straight-forward silane process have properties analogous to those of 

fused silica, and from all indications the compound Si02-A1203 films 

that can be obtained from a modification of that process are also 

vitreous as determined by glancing angle electron diffraction. 

Although thermal coefficient of expansion data is available for 

fused silica, it is not available for vitreous 3A1203-2Si02 or 

vitreous A1203 because these materials have not been obtained in bulk 

form in the vitreous state. They possess a strong tendency to 

crystallize from the melt even with rapid cooling. 

However, as an approximation, the data that is available for 

polycrystalline mullite and polycrystalline alumina can be used in 

the calculation of the thermal coefficient of expansion as a function 

of composition in the A1203-Si02 system. 
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Figure 2. Equilibrium phase diagram for the SiO2-Al203 system. 
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I n  a binary system with components a and b, the  volume thermal 

coe f f i c i en t  of expansion, y ,  i s  

where v i  i s  the  volume f r a c t i o n  of component i and 

thermal coe f f i c i en t  of expansion. 

l i n e a r  thermal coe f f i c i en t  of expansiona i s  equal t o  1/3 the volume 

coe f f i c i en t  of expansion, we have 

yi i s  i t s  volume 

Using the  approximation t h a t  the 

= v a + vbab , a a  

where ai i s  the l i nea r  thermal coe f f i c i en t  of expansion f o r  component 

i. Since 
niMi 
-UT 

J vi 

where n i s  the mole f r ac t ion  of component i, and and di are i t s  
i 

molecular weight and densi ty ,  respect ively,  then one can write 

Using t h i s  re la t ionship  between the l i m i t s  S i 0 2  and 3A1203'2Si02 f o r  

-6 o which the l i nea r  thermal coe f f i c i en t s  of expansion are  0.54 x 10 

and 5.3 x 10 

/ C 

-6 o / C, respect ively,  and then between the l i m i t s  of 
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3Al2O3 and A1203 f o r  which they a re  5.3 x lom6/% and 7.2 x 10 -6 / o G, 

respect ively,  we obtain the curve i n  Figure 3 .  A s  pointed out ,  t h i s  

curve i s  only va l id  a s  an approximation. The thermal coe f f i c i en t s  

of expansion fo r  glassy 3A1203-Si02 and glassy A1203 may ac tua l ly  be 

lower than the values tha t  were assumed. Nevertheless, the data has 

u t i l i t y  as a guide t o  the t a i lo r ing  of a mater ia l  t h a t  has a given 

desired thermal coe f f i c i en t  of expansion, 

3.6 RELATED CHARACTERISTICS 

The following sub sect ions discuss  some re l a t ed  aspects t o  t h i s  task 

of mater ia l  study. 

test  r e s u l t s  are given. 

The discussions are of a general nature but spec i f i c  

A more complete treatment of the material 

selected i s  given i n  the discussion o f t a s k s  7 and 8 - Specif icat ion 

and Procedure fo r  Encapsulation, presented i n  Section VIII. 

3.6.1 Charge Content 

The two general  classes of charge which influence the surface of 

the  s i l i c o n  a r e  fixed and mobile. Fixed charge i s  generally described 

as t h a t  charge which w i l l  not move under the influence of high 

temperature and strong e l e c t r i c a l  f i e l d s .  It i s  of primary importance 

i n  determining threshold voltage of MOS devices. Generally, i t s  e f f e c t  

on bipolar  devices i s  less noticeable f o r  the range of surface 

concentrations normally employed. 

devices. It i s  notorious f o r  changing the threshold voltage a s  a 

r e s u l t  of the use o r  storage of the  devices a t  elevated temperatures. 

I n  the case of bipolar  devices, mobile charge can accumulate and add 

t o  fixed charge. 

For instance,  a m e t a l  s t r i p e  crossing the p-diffused i s o l a t i o n  between 

Mobile charge can a l so  a f f e c t  MOS 

This can r e s u l t  i n  the inversion of a diffused layer .  
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two n regions could cause inversion of the p l ayer .  

the junction i s o l a t i o n  i s  l o s t .  Since the charge i s  pos i t ive  i n  the oxide, 

then the addi t iona l  charge necessary t o  inve r t  a p-type surface i s  the 

mobile charge inherent  i n  the o r ig ina l  oxide which w i l l  tend t o  

compensate the p-type d i f fus ion ,  I n  the case of an ?+type surface,  the 

charge i s  minimal, s ince the formal negative charge would add t o  the 

a-type d i f fus ion .  

When t h i s  happens, 

This discussion fu r the r  suggests tha t  any addi t iona l  g l a s s  layer  

should be f r ee  of charge, eliminating the p o s s i b i l i t y  of ionized 

impuri t ies  being ava i lab le  a t  the s i l i c o n  dioxide and deposited g l a s s  

in te r face .  A s  there i s  fu r the r  p o s s i b i l i t y  of surface charge on the 

g l a s s  coating influencing the s i l i c o n  in t e r f ace ,  i t  may be necessary 

t o  add a m e t a l  f i e l d  p l a t e  over the e n t i r e  surface,  creat ing an equal 

po ten t i a l  plane. 

Tests were conducted to  determine the charge concentration of 

vapor plated S i 0 2  and i t s  e f f e c t  on thermally grown oxides. 

t e s t s  and the r e su l t i ng  charge measurements a r e  described i n  Table 11. 

The following conclusions were made: 

The 

1. The vapor plated Si02  has a mobile charge concentration 

equivalent t o  t h a t  of good thermally grown oxide. The 

process of deposit ing the g l a s s  generates water, which 

r e s u l t s  i n  increasing the fixed charge of the thermally 

grown oxide being vapor plated.  It has been shown, 

however, t h a t  phosphorus or  metal izat ion (aluminum) 

w i l l  successful ly  mask the moisture. MOS devices with 
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over-lapping metal ga t e s  (:'MOST) have been successful ly  

coated with vapor deposited Si02 and shown t o  be unchanged 

from i n i t i a l  character izat ions.  The same tests conducted 

on bipolar  devices have indicated compatibi l i ty .  

t e s t s  a l s o  gave evidence t h a t  phosphorus g l a s s  i s  capable 

of ge t t e r ing  the  mobile charge. 

These 

3.6.2 Pinhole Studies  

Pinhole dens i ty  i s  one of the important cha rac t e r i s t i c s  of a 

g l a s s  passivat ion layer .  The f ac to r s  contr ibut ing t o  the pinhole densi ty  

of a g l a s s  layer  on an  integrated c i r c u i t  include (1) imperfect wafer 

c leanl iness  p r i o r  t o  g l a s s  deposit ion,  (2) the inherent pinhole dens i ty  

associated with the deposi t ion technique, (3) the pinholes introduced 

by the etching s tep  because of r e s i s t  defec ts ,  and ( 4 )  problems 

associated with g l a s s  layer  deposi t ion over a nonplanar surface.  

The pinhole dens i ty  r e su l t i ng  from defects  i n  the  photores i s t  

i s  s t rongly dependent upon the photores i s t  processing. Double pro- 

cessing i s  one technique we have used t o  minimize the number of  pinholes. 

I n  t h i s  technique, the wafers are coated with r e s i s t ,  the  r e s i s t  i s  

exposed and developed and the g l a s s  i s  etched halfway through; the 

r e s i s t  i s  then s t r ipped and the process repeated, etching the g l a s s  

through t o  the bottom metal. 

pa r t i cu la r  resist process i s  about 200 x lom4 pinholes/mi12. 

A typ ica l  pinhole dens i ty  f o r  a 

Double 

processing using t h i s  same resist process r e s u l t s  i n  a pinhole densi ty  

2 of less than 2 x pinholes/mil . 
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To determine the pinhole densi ty  t o  be expected from the vapor 

p la t ing  of Si02 on an integrated c i r c u i t ,  tests were conducted by 

sandwiching the layer  of g lass  between two layers  of m e t a l  and 

observing e l e c t r i c a l  shorts.  To determine the inherent pinhole 

densi ty  of the vapor plated g lass  and a l s o  t o  determine the e f f e c t  

which d i f f e r e n t  s tep  heights have on pinhole densi ty ,  the following 

t e s t  w a s  conducted. 

The i n i t i a l  vehicle metal izat ion pa t te rns  were 

delineated i n  5 &, 10 k i ,  and 15 k i  thick aluminum on 

oxidized wafers and vapor plated with 5 k i ,  10 k l ,  and 

18 k i  th ick  g l a s s  layers. 

and the m e t a l  pa t te rn  f o r  the i n i t i a l  vehicle was  delineated. 

Glass etching was  done a f t e r  the f i e l d  p l a t e  w a s  delineated. 

Control wafers, showing the pinhole c h a r a c t e r i s t i c s  of the 

g lass  i t s e l f ,  were made by p la t ing  5 k i ,  10 d and 18 kft thick 

g lass  on 10 kft thick undelineated aluminum, appling f i e l d  

p l a t e s  and etching the g lass  i n  the same manner as 

Aluminum was  then evaporated 

described above. The wafers were then tes ted by applying 

100 V between the top metal ( f i e l d  plate)  and the lower 

m e t a l .  The r e s u l t s  are shown i n  Table 111. Note t h a t  

shorts  were detected only on those wafers where the 

thickness of the lower aluminum i s  grea te r  than the 

thickness of the g lass  coating. 
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TABLE I11 

PINHOLE DENSITY AS RELATED TO THICKNESS OF METALIZATION & GLASS 

GLASS 
ALUMINUM THICKNESS PINHOLE DENSITY 

WAFER THICKNESS (d ) SHORTS (x pinholes/mi12) 

A 10ki* 5 

B lOki* 10 

C 10kA * 18 

D S k i  5 

E ski  10 

F s k i  18 

G 

H 

I 

S 

K 

L 

1okA 5 

l a d  10 

l0kk 18 

1 5 k i  5 

15ld 10 

l5jkii 18 

13 

0 

0 

6 

21 

0 

* Control units in which the bottom metal did not have a 

1.4 

0.2 

(0.2 

(2.1 

(0.9 

(1.8 

11.0 

(2.1 

(0.9 

17.0 

17.0 

(0.9 

delineated pattern. 
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The da ta  i n  Table I11 ind ica te  t h a t  

1. The inherent pinhole densi ty  of the g l a s s ,  thicker  

than 5 k l ,  i s  sa t i s f ac to ry  f o r  double layer  m e t a l -  

i z a t i o n  (Wafers A, B ,  and C) .  

2. Glass thinner than the lower aluminum i s  undesirable 

(Wafers G, J. and K) . 
3 .  The same thickness of g lass  and lower aluminum i s  

sa t i s f ac to ry  (Wafers D ,  H, and L).  

4 ,  Glass thicker  than the lower aluminum i s  

sa t i s f ac to ry  (Wafers E,  F,  and I) .  

3.6 .3  Etch Rate 

It has a l ready been reported tha t  the e tch  rate of the vapor 

plated Si02 i s  approximately 8000 Aper minute. Based on a thickness 

of 10-15,000 A ,  t he  e tch  t i m e  approximates 1-1/2 minutes. Since the 

g lass  i s  c l e a r ,  i t  i s  d i f f i c u l t  t o  determine exact ly  when a l l  of the 

mater ia l  has been removed from the bonding areas. 

Tests have been conducted t o  determine i f  the e tch  rate of the 

I f  the 'e tch r a t e  Si02 i s  constant,  even near the aluminum surface.  

were constant,  i n  s p i t e  of the known reac t ion  of Si02 with aluminum, 

one could u t i l i z e  the s i l i c o n  scr ibe  l i nes  t o  determine when a l l  of 

the Si02 had been removed. Since the scr ibe  l i n e s  are s i l i con ,  i n t e r -  

ference colors  are observed u n t i l  the  Si02 has completely disappeared. 

The resu l t s  of these tests showed tha t ,  i n  f a c t ,  the  e tch  rate w a s  

constant insofar  as i t  would allow use of t h i s  technique t o  determine 

when t o  stop etching. There i s  s t i l l  some question as t o  whether the 

g lass  i s  removed from very small openings (1 /4 m i l  ) as f a s t  as from 2 

the  pads, but t ha t  does not a f f e c t  t h i s  program, s ince the bonding 

2 pads are typica l ly  > 15 m i l  . 
-37- 



At present, a slight over-etch condition is being used to 

guarantee complete removal. 

An auxiliary approach considered was rejection masking. In this 

technique, the photoresist is placed wherever the deposited material 

i s  not wanted. 

the photoresist to swell and permits the deposited material to fracture 

away from the surface. Attempts at penetrating the glass coating, even 

mechanically, proved unsuccessful. Rejection delineation does not 

appear advisable. 

After the coating has been deposited, a solvent causes 

3.6.4 Metalization Protection 

During the manufacturing process, most semiconductor manufacturers 

The mechanical incur significant losses due to scratched metalization. 

properties of the vapor plated Si02 suggest that it can provide a 

significant degree of protection which will eliminate much of the 

scratching now occurring. 

Vapor plated Si02 offers further protection from moisture and 

other liquid contaminants. Etching tests have been conducted on 

glassed wafers in which complete protection has been offered to the 

aluminum metalization from several standard etchants: 1O:l HCL; 

20 parts phosphoric acid, 1 part nitric, 4.5 parts water; and several 

proprietary acid mixtures. 

Although not conducted under this contract, the results of several 

environmental tests on plastic encapsulated devices have further shown 

that glass coating gives additional protection to the metalized surface 
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of conventional microc i rcu i t s ,  Moisture penetrat ing plastic-encapsulated 

u n i t s  normally resu l ted  i n  the electrochemical e tching of aluminum 

metal izat ion,  When protected by g l a s s ,  the a t t ack  can,only occur a t  

the point: where the g l a s s  has been opened t o  permit bonding a t  the 

terminal. 

As a demonstration o f  the  pro tec t ion  provided by a g l a s s  coating, 

three types of un i t s  were tested: 

1. Unglassed (control)  , 
2. Glassed i n  wafer form, 

3 .  Glassed a f t e r  assembly (although t h i s  i s  considered 

impractical  as a general  technique). 

The t e s t  consisted of covering each u n i t  with water, and applying voltage 

between package leads 7 and 10 su f f i c i en t  t o  cause 10 pA t o  flow, 

u n i t s  were then dried and e l e c t r i c a l  cont inui ty  was checked between 

The 

package leads 7 and 10. Table IV shows the r e s u l t s  o f  t h i s  test;. 

The r e s u l t s  of t h i s  test  indicate  tha t  g l a s s  does provide 

addi t iona l  protect ion for  aluminum. 

protect ion t o  avoid moisture condensation, g l a s s  encapsulation i s  not 

However, without addi t iona l  

su f f i c i en t  t o  prevent ul t imate  f a i l u r e .  
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TABLE IV 

RESULTS OF GLASS COATING TESTS 

Type of Unit Period of 

Type of Unit Application 

Ung la  s s e d 5 see 

Vo 1 t a g  e 

Glassed i n  Wafer Form 5 see 
10 see 
15 sec 

Glassed After  Assembly 5 sec 
20 see 

E l e c t r i c a l  
Continuity 

No 

Yes 
Yes 

No 

Yes 
Yes 
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IV - TASK 3 - DESIGN EVALUATION 

4.1 INTRODUCTION 

The purpose of this task was to evaluate the proposed design of 

glass-encapsulated semiconductor devices, primarily silicon monolithic 

integrated circuits. This evaluation was to consider reliability of 

the design, parameter tradeoffs necessary to achieve a degree of 

reliability that is acceptable for manned space systems, and 

manufacturing or processing changes that would be necessary of this 

encapsulation technique is employed. 

During the initial phase of this program, a more specific 

definition of the proposed design took place. While glass encapsu- 

lation will provide significantly improved reliability and cost 

reductions by protecting the metalization interconnect pattern, a 

more complex protection consideration incurs modification of charge 

distribution, i.e., the effect of fields on the device characteristics. 

In order to bring the most sensitivity to this area of study, a high 

bulk resistivity analog integrated circuit of the bipolar type was 

selected. By using a standard device, wafers were available from 

production so that, with the modification of the interconnect pattern, 

a suitable test vehicle was obtained. The following discussion 

considers the various field effects. The conclusion points out that 

while deposited glass can be used to design-in imporved reliability, 

it is not a panacea for poor wafer processing or circuit design. 

Unless otherwise specified, the devices used in the tests reported 

in this sub section were unglassed and unsealed. 

-42- 



4.2 DIRECT INVERSION 

One observation made during t h i s  program was t h a t  surface charge can be 

applied d i r e c t l y  by using a MOS capaci tor  s t ruc ture .  Consider a p a r a l l e l  

p l a t e  capacitor as sketched i n  Figure 4 . 
r e l a t ed  t o  the  surface charge densi ty  using the  fami l ia r  formulas: 

The voltage applied an eas i ly  be 

v v o l t s  c i d  = - .- 

r - I  8.85 x 10mlOkA Ed 
- d c gd- = 

_- 
.ectric chargd. 

See Figure 5 

Since typ ica l  oxide thicknesses over t h e p - t y p e  base and *type co l lec tor  

regions a r e  6000% and 9 0 0 0 1 ,  respectively,  w e  obtain fo r  p t y p e :  

fo r  p lo t s  of surface charge fo r  two typica l  oxide thicknesses. 

q/A = 3 lolo e l ec t ron ic  charges/,,lt, 
Q cmL 

and fo r  n-type: 

g/A = 2.5 1010 e l ec t ron ic  charges/,,lt. 
v cmL 

These constants may be used t o  determine the voltage necessary on the  p l a t e  

of an MOS capaci tor  t o  invert  t he  s i l i c o n  "plate." F igure6  i s  such a p lo t .  

The next s t ep  i n  the u t i l i z a t i o n  of t h i s  concept consisted of 

fabr ica t ing  the  appropriate capaci tors .  In  principle,  t h i s  presented no 

problem, s ince on integrated c i r c u i t s  the emit ter  metal izat ion (or expanded 

contact)  always crosses the  oxide over the base region, and the base metal- 

i za t ion  of ten  crosses the  oxide over the  co l lec tor  region. 

the  emitter metal conductor from i t s  contact t o  s i l i con ,  a p l a t e  i s  formed, 

By separating 
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Figure 4. Basic S i 0 2  capacitor structure. 
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allowing inversion of part of the base surface. Note that to invert 

a p-type base, positive bias would be applied to the plate so as the 

attract electrons to the surface of thep-type silicon. This results 

in conduction between the n-type collector and emitter. 

A tool thus already existed which immediately and predictably 

allowed quantitative assessment of the amount of surface charge necessary 

to invert the base surface, 

applied to this structure, the effect of surface charge can be correlated 

to transistor device parameters, the most sensitive of which are 

Alternatively, by varying the voltage 

expected to be low-current beta, BVkBo, ICBO, IEBO and ICEO. 

example, when the base surface has been completely inverted, 

For 

'CEO 

increases linearly with increasing voltage on the "gate" or metal 

over the base region. 

The preceding model is useful in assessing the influence of a 

given amount of surface charge on underlying silicon, but does not 

permit assessment of the manner in which surface charge may accumulate. 

A second structure is used to enhance the surface charge separation due 

to surface fields. Since one of the mechanisms by which an additional 

layer of glass Over a microcircuit will improve device stability is 

the prevention of surface ion motion in the presence of surface 

contamination, it is important that this mechanism be studied. 

The "classical" degradation mechanism is the existence of 

surface fringing fields from back biased junctions, as shown in the 

sketch illustrating surface fringing fields associated with a back 

biased p-n junction. 
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Figure 7. Sketch i l l u s t r a t i n g  sur face  f r ing ing  
f i e l d s  associated with a back biased p-n junct ion,  

The lateral surface f i e l d  r e s u l t s  i n  charge accumulation which a t t r a c t s  

charge t o  the s i l i c o n  surface,  producing degradation of device performance. 

Since the tests on back biased junctions f a i l e d  t o  produce enough 

i n s t a b i l i t y  on shor t  durat ion tests t o  be useful  as a study too l ,  l a t e r a l  

surface f i e l d s  were set up between conductors on the oxide surface as 

indicated i n  sketch i l l u s t r a t i n g  lateral surface f i e l d s  setup. 
' , I +  

I 1 
A 1  I++++ ----I A 1  I 

I 
Oxide 

P ----I ++++ 
n 

c -- 
Figure 8, Sketch i l l u s t r a t m g  la teral  sur face  f i e l d s  setup. 

The f i e l d s  set up with t h i s  s t ruc ture  could be much higher than obtained 

with fr inging f i e l d s  ( l i m i t e d  by diode breakdown), thus r e su l t i ng  i n  

accelerat ion of charge accumulation. Note i n  t h i s  case tha t  t o  inver t  a 

p region, negative b ias  i s  applied t o  the p l a t e  i n  cont ras t  t o  pos i t ive  

b i a s  f o r  t he  capaci t ively induced charge. This condition of surface 

f i e l d s  set up between metal conductors i s  a s i t u a t i o n  present on a l l  

microcircui ts .  
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A quant i ta t ive  theo re t i ca l  treatment of the s t ruc ture  sketched 

above i s  impract ical  because of the va r i a t ion  i n  surface conditions,  

The amount of charge accumulated-per u n i t  f i e l d  impressed w i l l  be 

a function of surface conductivity,  oxide contamination, t i m e ,  

temperature, e t c ,  The usefulness of the  s t ruc ture  depends on the  

a b i l i t y  t o  obtain high l a t e r a l  surface f i e l d s .  This i n  turn  allows 

rapid accumulation of surface charge. Since the accumulation o f  

surface charge depends on the surface condition and the ambient t o  

which i t  i s  exposed, devices whose surface ( t h a t  on which the metal 

interconnects a r e  formed) i s  protected by an addi t ional  g lass  layer  

w i l l  respond d i f f e ren t ly  than devices with unprotected surfaces.  

This s t ruc tu re  has several  disadvantages which should not  be 

minimized. It should be noted t h a t  i n  addi t ion to  performing the 

desired function of a t t r a c t i n g  surface charge, a surface p l a t e  

can i t s e l f  induce (through a capaci t ive e f f e c t )  charge t o  the 

surface of the  s i l i c o n .  With the po la r i ty  shown, these w i l l  be 

accumulation layers  r a the r  than inversion layers ,  but the extent  t o  

which the accumulation layer  compensates the inversion i s  d i f f i c u l t  

t o  determine. Obviously, care must be used i n  placing the surface 

p l a t e s  on the device so as  t o  minimize capaci t ive inversion,  

Another, even l e s s  well  understood, undesirable mechanism i s  

Even i f  the the co l l ec t ion  of surface charge by a surface p l a t e .  

p l a t e  does not c o l l e c t  surface ions i t  may neut ra l ize  them. Tf 

the charge i s  a t t r ac t ed  too s t rongly,  i t  w i l l  t r a v e l  beneath, o r  

on top o f ,  the surface p l a t e  and no longer be e f f ec t ive  i n  causing 

inversion. 
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A parasitic mechanism common to both capacitive and surface- 

field-induced inversion is the possibility of the altered effective 

doping concentration changing the leakage of the back biased junction 

(for ICE*, the collector-base) before true inversion of the base 

surface occurs. 

an experimental technique, as described below. The point is that 

for high voltages on the surface, an increase in I may not be 

an indication of base inversion. 

The effect of this mechanism can be eliminated by 

CEO 

Despite its disadvantages, the surface plate structure has 

proven to be useful in the study of surface-charge-induced inversion. 

The presence of these unknowns simply complicates the understanding 

and interpretation of experimental results. 

stray capacitive effects are eliminated by shorting all metal leads 

together. Since surface charge motion is relatively slow in dry 

ambients, the surface-charge-induced effects will remain. Appli- 

cation of moisture will drastically alter the surface effects but 

has little influence on capacitive effects. 

Generally speaking, 

Several devices were constructed to facilitate the study of 

direct inversion. 

metal plate on the Si02. 

integrated circuits upon which the metalization was mechanically 

isolated from the underlying silicon in predetermined locations, The 

isolated metalization extended across the region being investigated 

over the adjacent oppositely-doped regions. Figure 9 is a photo- 

micrograph of one of the intial structures used to study inversion. 

A field was applied between the Si material and a 

The devices consisted of standard, metalized 
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Figure 9. Modified metal p a t t e r n  t o  study 
inversion of a base region. 
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Inversion of a spec i f i c  region could be created by applying a vol tage .  

of the cor rec t  po la r i ty  (+ fo rp ,  - f o r  n) t o  the i so l a t ed  metal with 

respect  t o  the underlying s i l i con .  The degree of inversion can be 

d i r e c t l y  r e l a t ed  t o  the conductivity between the two regions separated 

by the region being inverted,  much i n  the manner as  an MOS t r a n s i s t o r .  

The Conductivity was determined by measuring the current  a t  a 

constant applied voltage. 

being inverted,  t h i s  parameter i s  e s sen t i a l ly  I 

On a bipolar  t r a n s i s t o r  whose base i s  

CEO * 

Tests were i n i t i a t e d  to  character ize  the surface charge 

densi ty  necessary t o  cause inversion of the various r e s i s t i v i t y  regions 

present i n  a microcircui t .  The i n i t i a l  t e s t  consisted of modifying an 

integrated c i r c u i t  t r a n s i s t o r  so t h a t  metal izat ion over the base was 

i so la ted  as shown i n  Figure 9 I n  MOS terminology the source, gate ,  

and dra in  were the  emi t te r ,  i so l a t ed  m e t a l ,  and co l l ec to r ,  respec t ive ly ,  

A voltage of up t o  300 V was applied between the i so la ted  metal and the 

base region. The parameters observed were the same a s  those monitored 

i n  the tests described above, i . e . ,  I low cur ren t  be ta ,  and 

breakdown voltages.  

ICEO was by f a r  the most sens i t ive .  This was somewhat surpr is ing since 

published r e s u l t s  had led us t o  expect low current  be ta  t o  be a strong 

function of surface conditions.  On the other  hand, the base surface 

p l a t e  does not completely overlap the emitter-base o r  collector-base 

junct ion so i t s  e f f e c t  on beta  might not be expected t o  be as 

pronounded a s  on 1 

CEO ’ 
Although s h i f t  i n  other  parameters could be detected,  

CEO * 

Direct  inversion tests were made using s t ruc tu res  have n -type 

e p i t a x i a l  l ayers  i n  the r e s i s t i v i t y  range from 0.2 SI-cm t o  6 SI-cm, and 

p -type diffused base regions. The test  r e s u l t s  are  summarized i n  

Table V.  -52- 



TABLE V 

RESULTS OF DIRECT CAPACITIVE INVERSION TESTS 

Calculated Measured 
n -Type (Homogeneous 

4 t o  6 9-cm 

0.5 Q-cm 

0.2 R-cm 

p-Type (Diffused) 

120 a/ 

240 n/ n 

Inversion Voltage Inversion Voltage 

-3 v -15 V 

-11 v 

-22 v 

+350 v 

+175 V 

-21 v 

-28 V 

+140 v 

+70 V 
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Referring t o  the  test  r e s u l t s  given i n  Table V, note t h a t  t o  invert  

n- type material, a voltage higher than the calculated value must be applied, 

whereas t o  inver t  p - type  materia1,a vol tage lower than the calculated value 

must be applied.  There are two mechanisms responsible fo r  t h i s  s i t ua t ion .  

One i s  the  negative accumulation layer  a t  the Si-Si02 

r e s u l t s  from the pos i t ive  charge (Qss )  normally present i n  the S i 0 2  layer .  

The other  i s  t h a t  the  segregation coe f f i c i en t s  of boron and phosphorus i n  

s i l i c o n  and S i 0  are such t h a t  oxidized n surfaces  a r e  phosphorus-rich and 

oxidized p surfaces  are boron-poor. Note t h a t  n-type s i l i c o n  i n  the r e s i s t i -  

v i t y  range of 4 t o  6 R-cm, the  range frequently used i n  high vol tage analog 

devices, i s  suscept ible  t o  inversion with the  voltages used i n  these c i r c u i t s .  

i n t e r f ace  which 

Although the use of t h i s  s t ruc tu re  i s  general ly  qui te  straight-forward, 

the  technique does have i t s  l imitat ions,  the  most important of which a r e  

described below. 

To check the  inversion test  technique described above, a voltage of 

opposite po la r i ty  t o  tha t  necessary f o r  inversion w a s  applied between the 

s i l i c o n  and i so la ted  metal on several  un i t s .  Since t h i s  r e s u l t s  i n  an accumu- 

l a t i o n  layer  r a the r  than an inversion layer, one would not expect a channel 

current .  A s  expected, no increase i n  monitor current was observed fo r  surface 

p l a t e  vol tages  below 100 V.  However, when the p l a t e  voltage exceeded 100 V, 

an increase i n  monitor current  was observed. The following theory i s  

advanced t o  explain the cause of t h i s  increase in  current .  

The monitor current  i s  i n i t i a l l y  l imited by the  leakage current across  

the reverse  biased p-n  junction. An increase i n  current  can r e s u l t  from 

two e f f ec t s :  (1) an inversion layer shunting the two junctions, o r  (2) an 

increase i n  the  current through the reverse  biased junction. 
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Since no inversion layer  can be formed with the  polar i ty  applied, t he  

junction leakage current must have increased. 

The current through a reverse biased junction i s  determined by the  

equation 

where Pn 

n and p reg ions ,  respectively.  Assume we are studying an nregion ,  

e lec t rons  i n  the p region w i l l  be a t t r ac t ed  t o  the surface.  This r e s u l t s  

and Np are the assumed minority c a r r i e r  concentrations i n  the 

i n  an increase i n  the minority carrier concentration, %, a t  the  p surface 

of the  s i l i con .  Therefore, from the  preceding equation, I, w i l l  increase.  

An experiment w a s  performed t o  t e s t  t he  preceding theory. A device 

was constructed tha t  had a f i e l d  p l a t e  running over o n e p n j u n c t i o n  only. 

(See Figure 10) Since an increase i n  minority carrier concentration only 

a f f e c t s  a reverse biased junction, applying a f i e l d  over t h i s  junction 

should r e s u l t  i n  an increase i n  monitor current.  Applying a f i e l d  over a 

forward biased junction should not increase the monitor current.  

monitor voltage i s  posit ive,  P2N w i l l  be reversed biased and w i l l  be affected 

by the f i e l d ;  however, i f  the monitor voltage i s  negative, P2N w i l l  be 

I f  the 

reverse biased and not affected by the  f i e ld .  

The experiment demonstrated tha t  the  reverse biased junction leakage 

was affected by the applied f i e l d .  A s  a r e s u l t  of t h i s  test, i t  has been 

suggested t h a t  the reverse biased junction current be monitored between p 

and n i n  addi t ion t o  the P-region t o  p-region monitor current.  The current 

due t o  inversion of the  n region would then be the difference between the  

two currents .  
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Figure 10. T e s t  s t r u c t u r e  t o  determine inf luence of surface 
charge on junct ion leakage current .  
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4 . 3  SURFACE-FIELD-INDUCED INVERSION 

I n  addi t ion t o  the capaci t ive technique fo r  obtaining surface 

charges, surface charge accumulation may occur when a f i e l d  is set up on 

the  surface of the  planar oxide. 

a vol tage between two i so l a t ed  metal izat ions on the oxide surface.  Any 

pos i t ive  mobile ions should be a t t r a c t e d  t o  the  negative surface p l a t e  

and negative mobile charge should be a t t r a c t e d  t o  the pos i t ive  surface p l a t e .  

The r e su l t i ng  accumulation of charge on the oxide surface can influence 

the underlying s i l icon ,  i n  some cases, creat ing inversion layers .  

4.4 TEST VEHICLE 

Such a f i e l d  can be created by applying 

A s  the r e s u l t s  of the  s tud ies  on the two t e s t  s t ruc tu res  were obtained, 

it became obvious t h a t  such s t ruc tu res  were capable of providing useful  

s t a b i l i t y  data .  Available bipolar  devices were s t i l l  d i f f i c u l t  t o  use i n  

making rapid s t a b i l i t y  t e s t s ;  thus it w a s  necessary t o  redesign the  t e s t  

vehicle .  

The f i n a l  design of the vehicle  r e t a i n s  standard d i f fus ions  and brings 

out e l e c t r i c a l  connections t o  standard bipolar  devices, i n  addi t ion t o  the 

improved s t a b i l i t y  sensing s t ruc tures .  The in ten t  of r e l a t ing  s t a b i l i t y  

of the  S i - S i 0 2  in te r face  t o  ac tua l  bipolar  devices i s  thus s t i l l  re ta ined.  

I n  addi t ion t o  the increase i n  s e n s i t i v i t y  obtained from the  inclusion of 

the  new s t ruc tures ,  a standard wafer u t i l i z i n g  a higher r e s i s t i v i t y  

e p i t a x i a l  layer  w a s  chosen t o  fur ther  increase the  sens i t i v i ty .  

The wafers used are the  same as used t o  f ab r i ca t e  PA7709 c i r c u i t s  and 

were obtained from the production l i n e s  p r io r  t o  metal izat ion.  

the wafer used had t r ans i s to r s  with BV values lower than the PA 7709 

spec i f ica t ions ,  t h i s  parameter did not influence the t e s t s  made. 

Although 

CEO 
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A photomicrograph of a glassed chip ready fo r  assembly i s  shown i n  

Figurel lb .  

pack lead t o  which it i s  connected. The pad connections a re  l i s t e d  below. 

Each pad on the  device i s  numbered corresponding t o  the  f l a t  

Device Pad 
and F l a t  Pack Lead NQ . 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

Connection To 

Collector of test  t r a n s i s t o r .  

Base of t e s t  t r a n s i s t o r .  

Surface p l a t e  t o  inver t  base of t e s t  
t r a n s i s t o r  by capaci t ive (MOS) e f f ec t  . 
Also t o  be used for  inversion of base 
by accumulated surface charge. 

Resis tor  for  observation of n-region 
inversion. 

Surface p l a t e  t o  invert  underlying 
region by capaci t ive (MOS) e f f e c t  . 
Also used f o r p  and n inversion by 
accumulated surface charge. 

Isolated "bucket" n region. 

Base of control  t r a n s i s t o r .  

Emitter of control  t r a n s i s t o r .  

I so la t ion .  

Collector of control  t r a n s i s t o r .  

Field p l a t e  (on those u n i t s  having 
f i e l d  p la tes ) .  

Surface p l a t e  for  inversion of i so l a t ion  
by capaci t ive (MOS) e f f ec t .  Also used 
for  n-region inversion by accumulated 
surface charge. 

13 

14 

N o  connect ion. 

E m i t t e r  of test t r a n s i s t o r .  
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Figure l l a .  Revised tes t  device and metal pa t t e rn ,  
before glassing.  

Figure l l b .  Revised test  device, af ter  g l a s s ing  
and e tch ing  of contact cu t s .  
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Figure l lc.  T e s t  device, showing addi t ion  of " f i e l d  p l a t e . "  
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A photomicrograph of the  chip before g lass  i s  shown i n  Figure l l a  

Note the absence of the c i r c u l a r  contact cu ts  which are v i s i b l e  i n  Figure 

lib.. The addi t ion of a f i e l d  plate,  a m e t a l  pa t te rn  completely covering 

t h e  e n t i r e  a c t i v e  region of the microcircuit ,  i s  shown i n  Figure l l c .  

4.5 SUMMARY 

Analyzing the  r e s u l t s  from the  tests has been d i f f i c u l t .  There are 

two ways t o  cause inversion of s i l i con:  (1) by d i r e c t  inversion, applying 

a voltage between a metal conductor on the  surface of t h e  oxide and the 

underlying s i l icon,  or  (2) by the accumulation of charge on the surface 

by applying a voltage between conductors on the surface of the oxide. 

D i f f i c u l t i e s  were encountered i n  applying conditions t o  cause one type of 

inversion without, a t  the same t i m e ,  producing the other type. The 

outstanding difference between the two means of causing inversion i s  the 

degree of dependency upon t i m e .  

capacit ive inversion i s  an instantaneous e f fec t ,  with inversion occurring 

immediately upon the appl icat ion of a voltage, and disappearing immediately 

upon removal of t h a t  voltage.  Surface-charge-induced inversion occurs with 

a t i m e  delay, since the mobility of the ions on t h e  oxide surface i s  much 

lower than the mobility of charge i n  s i l i c o n  and metal. For t h i s  reason, 

accumulated surface charge i s  retained f o r  a considerable period of time 

a f t e r  the applied voltage i s  removed. 
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V - TASK 4 - MANUFACTURING STUDY 

5.1 INTRODUCTION 

This task had the purpose of determining which phase of the 

manufacturing process would be the most advantageous point for 

applying the glass encapsulation. 

5.2 REASONS FOR GLASS APPLICATION 

In deciding when to apply a protective layer, such as Si02, 

during the manufacturing process, the reasons for applying such 

a coating should be considered. 

the following: 

These may include any or all of 

1. 

2. 

3 .  

4 .  

To protect the relatively soft aluminum 

metal used for interconnections on both 

bipolar and MOS devices; 

To increase the dielectric layer thickness, 

thus reducing the capacitive effect between 

metal interconnects and the substrate; 

To provide an insulating layer for use in 

depositing multilevel interconnections; 

To provide protection from ambient 

contamination. 

5.2.1 Protection for the Aluminum 

In most manufacturing processes the wafer is reduced to individual 

microcircuit chips through a process of scribing and breaking. This 

frequently results in considerable damage to the aluminum interconnections 

because of abrasion from particles of silicon generated during the 
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operation. A protec t ive  layer ,  such as photores i s t ,  has been shown 

t o  be helpful  i n  reducing such damage. 

be removed before subsequent assembly. I f  a layer  of g l a s s  were 

u t i l i z e d  i n  t h i s  manner i t  need not be removed a f t e r  fu r the r  

processing. 

permit connections t o  the underlying bonding pads. 

However, t h i s  organic must 

However, contact holes must be etched i n  the layer  t o  

5.2.2 Increasing Die l ec t r i c  Thickness 

A th ick  d i e l e c t r i c  layer  i s  frequent ly  des i rab le  t o  reduce the 

capaci t ive e f f e c t  between m e t a l  l ayers ,  and between the metal l ayers  

and the subs t ra te .  The maximum thickness of the thermally grown 

oxides used i n  processing the ac t ive  device i s  determined by the 

required device geometry. Thus the  a b i l i t y  t o  deposi t  an addi t ional  

d i e l e c t r i c  layer  following completion of the normal processing s teps  

i s  desirable  f o r  reducing paras t ic  coupling. 

5 . 2 . 3  Providing an Insu la t ing  Layer 

Within the pas t  few years there  has been an increasing demand 

f o r  the a b i l i t y  t o  make metal interconnects of s u f f i c i e n t  complexity 

when more than one layer  of interconnection i s  required.  

bipolar  integrated c i r c u i t  technology has an inherent crossover 

capab i l i t y  i n  t h a t  a metal conductor can pass over a diffused r e s i s t o r .  

It i s  required s o m e t i m e s  on bipolar  devices and nearly always on MOS 

devices, t h a t  a high concentration, l o w  res i s tance  d i f fus ion  region 

be created spec i f i ca l ly  f o r  crossover areas .  

The present 
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More complicated functions involving hundreds of components 

necessitate adding an insu la t ing  layer  t o  completely cover the  f i r s t  

normal l eve l  of m e t a l .  Through-connections (vias) are achieved by 

etching a path i n  the  d i e l e c t r i c  and continuing with the next l eve l  

of me t a l i z a t i o n  e 

5.2.4 Protect ion from Ambient Contamination 

As s t a t ed  a t  the beginning of t h i s  sub sec t ion ,  a g l a s s  layer  can 

provide s ign i f i can t  protect ion of aluminum from mechanical damage. 

It has a l so  been shown t h a t  the aluminum metal i s  qui te  suscept ible  to  

e l e c t r o l y t i c  corrosion when exposed to  moist ambient conditions.  This 

could occur i n  hermetically sealed enclosures which have f a i l ed  and 

developed a leak a s  well  as on chips packaged i n  a non-hermetic 

environment. Therefore, g l a s s  can provide desirable  protect ion.  

When considering the influence of i on  migration on the surface 

of a microcircui t ,  i t  becomes des i rab le  t o  place an addi t ional  

d i e l e c t r i c  layer  over the complete microcircui t  surface.  This would 

i n h i b i t  the separat ion and migration of ions on the o r ig ina l  oxide 

surface.  Such charge separation can r e s u l t  from f r ing ing  f i e l d s  a s  

w e l l  a s  from l a t e r a l  surface f i e l d s  due t o  poten t ia l  differences 

between m e t a l  conductors, Ion contamination would be fur ther  excluded 

from the subs t ra te  by the addi t iona l  d i e l e c t r i c  layer  and would thus 

be l e s s  l i k e l y  t o  cause a parameter change. 

More complete freedom from ion  migration can be achieved by the 

subsequent appl icat ion of a phosphosil icate o r  a metal f i e l d  p l a t e ,  

The phosphorus g l a s s  has been shown t o  act as an e f f ec t ive  g e t t e r  f o r  

sodium and hydrogen ions.  A m e t a l  p l a t e  would eliminate the 

p o s s i b i l i t y  of l a t e r a l  f i e l d s .  
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5.3 DETERMINING POINT OF GLASS APPLICATION 

Prom an economic viewpoint, a grea te r  number of c i r c u i t s  can 

be glassed i n  wafer form than i n  a p a r t i a l l y  o r  completely assembled 

form, simply because of s i ze .  

wafer form w i l l  s t i l l  provide the redundant protect ion desired f o r  

Moreover, the g l a s s  layer  applied i n  

hermetically sealed devices. It should be noted t h a t  applying the 

g lass  t o  the wafer would not preclude the deposit ion of an addi t ional  

g l a s s  coating following assembly, Although the la t ter  deposit ion method 

would more completely coa t  the e n t i r e  s t ruc ture ,  i t  would have the  dis- 

advantage of undesirable deposit ions of g lass  on the  per ipheral  

members of the  package. I n  addi t ion,  the assembled chip has tempern 

a tu re  l imi ta t ions  imposed by the gold-sil icon eu tec t i c  (melting point  

367OC) frequently present i n  microcircui t  assemblies. 

The following considerations should be noted regarding bonding 

t o  a microcircui t  chip which has been covered with a layer  of g lass .  

I f  the bonding pad i s  t o  be exposed by etching through the g lass  layer ,  

the opening should be made somewhat smaller than the pad termination 

t o  guarantee t h a t  the etchant w i l l  not reach the normally present 

oxides. Such a condition could lead t o  undercutting i n  the cr i t ical  

bonding pad area. Therefore, the a rea  f o r  bonding on a glassed 

u n i t  w i l l  be less than t h a t  on an unglassed one, 

In  addi t ion,  although more work i s  required i n  t h i s  area, i t  

appears t h a t  thennocampsession bonding t o  the exposed bonding pad 

i s  sometimes more d i f f i c u l t  than u l t rasonic  bonding of aluminum w i r e .  

This i s  probably because the u l t rasonic  bonding breaks through any 

res idua l  g lass  coat ing which may be present  i n  the bonding area. 
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A possible solution for both of these problems would be the 

formation of the bonding pad on the top surface of the deposited coatings. 

A through connection or via requires less area than a bonding pad; hence 

the connection from the bonding pad to the underlying metal can be made 

without concern about the chip size. Such an approach, however, does 

imply additional processes, since two levels of metalization must be 

present, 

5.4 SUMMARY 

With so many possible utilizations of an additional coating in 

the fabrication of silicon integrated circuits, it would be desirable 

to employ a glassing process which would be broadly applicable to the 

many purposes for which glass can be utilized. 

recommended that depositing a Si02 layer by oxidation of silane is 

a proper selection as it permits the goals of this specific program 

to be achieved. 

It is therefore, 

A further recommendation is that the glass be 

deposited while the product is still in wafer form, before reduction 

to individual chips. 
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VI - TASK 5 - MANUFACTURE OF nASS ENCAPSULATED DEVICES 

6.1 INTRODUCTION 

The purpose of t h i s  task was  t o  use the design selected t o  

manufacture a minimum of 300 semiconductor devices t o  be used i n  

the evaluat ion tests described herein.  

Judging by the s tud ies  conducted thus f a r ,  the improvement 

t o  be rea l ized  from g la s s  encapsulation i s  c l e a r l y  observable, 

i.e., mechanical protect ion of the aluminum interconnect pa t te rn  

as w e l l  a s  chemical and e l e c t r o l y t i c  protect ion,  

improvements i s  f a i r l y  e a s i l y  observed and i s  described i n  other  

sect ions.  

Evidence of these 

A more complex aspect and consideration of the  g lass  deposit ion 

i s  tha t  i t  should not perturb the charge deposit ion ex i s t ing  i n  the 

underlying s i l i c o n  or  the oxide created during manufacturing. 

discussed i n  the design sect ion,  i t  was f e l t  desirable  t o  se l ec t  a 

test vehicle which would be most s ens i t i ve  t o  charge modification. 

Therefore w e  selected t h e  vehicle  described i n  the  previous 

sect ion,  which by v i r tue  of i t s  high r e s i s t i v i t y ,  w i l l  permit the 

evaluation of the g lass  i n  terms of e l e c t r i c a l  performance. It 

A s  

must be kept i n  mind t h a t  the i n t e n t  of the g l a s s  i s  not t o  cor rec t  

o r  change charge d i s t r ibu t ions  i n  a semiconductor device but  r a the r  

t o  maintain the  qua l i ty  of the device as manufactured. 

6.2 TEST VEHICLE 

To provide 

used. I n  those 

package, a hole 

enough terminals, a standard 14-lead f l a t  pack was 

cases where i t  w a s  intended t o  simulate an unsealed 

w a s  pierced i n  the f l a t  pack l i d  located d i r e c t l y  
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over the chip locat ion.  

during tests. 

more d e t a i l  on the tests i s  given i n  Appendix B under the R&QC 

This permitted v isua l  inspect ion of the device 

The device i s  pictured i n  the design sec t ion  (IV) and 

evaluat ion repor t .  

f o r  t h i s  test i s  as follows: 

A breakdown of the various groups manufactured 

A .  Glassed 

1. Sealed 

2. Open 

B. Unglassed 

1. Sealed 

2. Open 

The quan t i t i e s  i n  these groups a re  shown i n  the above mentioned sec t ion  

of the appendix. 

The basic  wafers were  selected from the manufacturing l i n e  and 

were r e j e c t s  f o r  the minimum BVCEo spec i f ica t ion  of the  spec i f i c  

product. 

considered necessary f o r  t h i s  test  vehicle.  The metal izat ion and 

glassing were conducted i n  the laboratory.  Following d i e so r t  and 

se l ec t ion  of chips f o r  assembly, the u n i t s  were fabricated i n  the 

normal fac tory  manufacturing f a c i l i t y .  

The product represented surface propert ies  which were 

Screening t e s t s  normally performed i n  production w e r e  omitted 

so t h a t  the t e s t  program as  outlined could be used t o  determine any 

differences with might occur as  a r e s u l t  of g l a s s  encapsulation. 

The seal ing technique used on these f l a t  packs cons is t s  of a braze 

between the Kovar l i d  and braze flange. 

32OoC i s  used f o r  these products. 

were i n i t i a l l y  tes ted  and un i t s  were selected from t h i s  group f o r  

A sea l ing  temperature of 

A t o t a l  of some 500 f inished un i t s  

submission t o  the performance and evaluation t e s t .  
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6 . 3  DEMONSTRATION MODEL 

While not a spec i f i c  requirement of t h i s  program, i t  w a s  considered 

advisable t o  demonstrate the manufacturing process f o r  g l a s s  encapsulation 

as applied t o  the same in tegra ted  c i r c u i t  used as a test  vehiclre but tinter- 

connected as a standard product. 

a reference manual describing t h e i r  assembly and packaging and the 

several  funct ional  tests by which they w e r e  selected.  Five of the 

u n i t s  had l i d s  with openings to  permit v i sua l  inspect ion of the assembly. 

These u n i t s  were delivered along with 

Visual detect ion of a glassed chip i s  generally associated with a 

lack of oxide color  differences s ince the r e l a t i v e l y  th ick  g lass  tends 

t o  eliminate the otherwise co lor fu l  oxide surface.  These models were 

presented during a v i s i t  t o  NASA, Huntsvil le,  i n  August, 1967. 
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VI1 - TASK 6 - PERFORMANCE EVALOATION OF GLASS ENCAPSULATED'DEVLCES 

7 .I INTRODUCTION 

The purpose of this task was the performance of a complete electrical 

and mechanical design analysis and evaluation on devices containing the 

glass passivation. The analysis and evaluation took into consideration 

the environments to which the devices may be exposed ia usage. Tests 

were so designed and performed as to yield maximum information. The 

failure modes and mechanisms due to glass encapsulation and their 

detection and prevention were to be determined. 

7.2 TEST VEHICLES 

7.2.1 Types of Test Vehicles 

The test vehicles subjected to evaluation during the course of this 

contract consisted primarily of the glassed and unglassed devices 

mounted in open and in hermetically sealed 14-lead, 1/4" x 1/4" metal 

bottom flat packages. The combinations of the above resulted in four 

different basic assemblies: 

a. 

b. 

c. 

d. 

Unglassed chips mounted in open packages, 

Glassed chips mounted in open packages, 

Unglassed chips mounted in hermetic packages, 

Glass chips mounted in hermetic packages. 

A minor portion of the program was devoted to the evaluation of 

glassed devices with field plates mounted in: 

a? 

b. 

Open 1/4" x 1/4" metal bottom flat packs, and 

Hermetically sealed 1/4" x 1/4" metal. 
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7.2.2 Basic Chips 

The basic construction of the chip i s  shown i n  F i g u r e l l b  This 

photograph depicts  a glassed c i r c u i t ,  but the ac t ive  component layout 

i s  i d e n t i c a l  f o r  both the unglassed and the glassed-with-field p l a t e  

vehicles.  I n  the case of the glassed devices, the e n t i r e  surface of 

the chip i s  covered with glass ,  vapor plated from a s i lane  source; and 

i n  the case of the glassed-with-field-plate devices, the vapor plated 

g lass  over the ac t ive  area of the device i s  covered with an evaporated 

aluminum film. I n  a l l  glassed devices, e l e c t r i c a l  contact t o  the m e t a l -  

i z a t i o n  pads, evaporated on the surface,  of the thermally grown oxide, 

w a s  achieved by etching c i r c u l a r  cu ts  through the vapor plated g lass  t o  

the pad, and u l t rasonica l ly  bonding an aluminuin whisker w i r e  from the  

f i e l d  p l a t e  t o  package p in  number 11. 

The p in  terminations, applicable t o  a l l  types of devices are 

Pin 1 - Collector,  test  t r a n s i s t o r  

Pin 2 - Base, t e s t  t r a n s i s t o r  

Pin 3 - Inversion p l a t e  - test t r a n s i s t o r  base region 

Pin 4 - Resistor 

Pin 5 - Inversion p l a t e  - "N" e p i t a x i a l  region 

Pin 6 - Collector bucket 

Pin 7 - Base Control t r a n s i s t o r  

Pin 8 - E m i t t e r  Control t r a n s i s t o r  

Pin 9 - I so la t ion  region 

Pin 10 - Collector Control t r a n s i s t o r  

Pin 1 2  - Surface Inversion p l a t e  

Pin 14 - E m i t t e r ,  T e s t  t r a n s i s t o r  

and, i n  the case of the glassed f i e l d  p l a t e  devices, 

Pin 11 - f i e l d  p l a t e .  
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7 . 3  SCREENING SEQUENCE 

A l l  of the  devices fabr icated as a p a r t  of t h i s  contract  were 

100% screened to: 

a. S tab i l i ze  the e l e c t r i c a l  cha rac t e r i s t i c s  

b . Remove poten t ia l  mechanical f a i lu re s .  

The screens t o  which the devices were subjected,  i n  the sequence 

i n  which they were performed, and the purpose of each are described 

below. 

7 . 3 . 1  Stab i l i za t ion  Bake 

S tab i l i za t ion  bake involved subjecting the devices t o  16 hours 

a t  20OoC. Evaluations performed on in t e rna l  wire bonds indicated t h a t  

there  can be degradation of both gold and aluminum bond s t rength during 

high temperature storage.  

bonded'' s t rengths  degrade qui te  rap id ly  i n i t i a l l y ,  and generally 

s t a b i l i z e  a f t e r  a shor t  duration. 

both p r i o r  t o  and a f t e r  200°6 storage indicated tha t  some l o t s  

experience parameter changes while others  do not.  

screen w a s  therefore  

These tests a l s o  indicated t h a t  the "as 

Evaluation of parameter data  taken 

The purpose of t h i s  

1. To accelerate  degradation of any marginal w i r e  

bonds so tha t  the devices can be made t o  f a i l  

during subsequent mechanical t e s t ing  and the 

bad devices can be removed during e l e c t r i c a l  

t e s t ing  . 
2.  To s t a b i l i z e  the electrical cha rac t e r i s t i c s  of the 

devices so t h a t  parameter var ia t ions  do not occur 

during subsequent e l e c t r i c a l  test  so le ly  because 

of i n su f f i c i en t  conditioning. 
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7.3.2 Temperature Cycling_ 

This involved subjecting devices to 10 cyles -65OC to +2OO0C, 

30 minutes at each temperature extreme, 5 minutes transfer between 

high and low temperature. 

The intent of this screen was to induce failure of defective chip- 

Our to-header bonds, metalization defects and poor wh'isker wire bonds. 

experience has shown that temperature cycling is effective in the 

removal of devices with defects in the interconnecting metalization 

at oxide steps, provided a sufficient number o f  cycles are performed. 

The type of defects the screen removes are not normally observed during 

preseal visual inspection. 

7 . 3 . 3  Thermal Shock 
0 This testing subjects devices to 10 cycles, -65OC to +200 C, 5 

minutes at each temperature extreme, immediate transfer. This test 

is conducted by cycling the devices between high and low temperature 

baths, 

than air chambers, the thermal stresses imposed are applied to the 

device much more rapidly. The intent of the screen was to induce 

failure of defective chip-to-header bonds, metalization defects and 

poor whisker wire bonds, by causing rapid differential changes in 

the dimensions of dissimilar materials at the mating interface 

of these materials because of differences on the thermal coefficient 

of expansion. It should be noted that, in general, unsealed devices 

were not subjected to this screen to avoid contamination by the oil 

and because the heat capacity of these baths is greater 

used as the temperature exchange mechanism. 
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7.3.4 Vibration Variable 

This test involved 30 "G" according t o  MILISTD-750, Method 2056. 

This screen was  imposed t o  remove devices so assembled t h a t  they would 

f a i l  during use because of exc i t a t ion  of resonant frequencies. 

7.3.5 Mechanical Shock 

This test subjected devices t o  6000 G (pneupactor), Y1 and Y2 

planes only. 

which have defect ive chip-to-header bonds, or defect ive i n t e r n a l  w i r e  

This screen w a s  intended t o  induce f a i l u r e  of any devices 

bonds. The screen w a s  performed a f t e r  the thermal screen to  insure 

removal of any devices which had experienced degradation of mechanical 

propert ies  during thermal screening. It was  performed i n  the Y1 di rec t ion  

because t h i s  i s  the plane most l i k e l y  t o  cause f a i l u r e  of mechanically 

weakened wire and chip bonds, and i n  the Y2 plane because t h i s  d i rec t ion  

induces short ing of excessively long in t e rna l  leads t o  the metal 

header, thus f a c i l i t a t i n g  removal of t h i s  type of f a i l u r e  during 

subsequent e l e c t r i c a l  t e s t ing .  

7.3.6 Constant Acceleration 

I n  t h i s  test ,  devices underwent constant accelerat ion a t  

20,000 G, Y1 & Y2 planes only. 

devices with the same types of defec ts  a s  described i n  7.3.5. 

This screen w a s  intended t o  remove 

However, i n  t h i s  case the  stress i s  applied gradually over a r e l a t i v e l y  

long durat ion,  r a the r  than the rapidly applied shor t  duration force 

which occurs during shock t e s t ing .  
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7 04 EVALUATION TESTING 

After  completion of the 100% screens,  some devices of each type 

were subjected t o  Moisture Resistance t e s t ing  i n  accordance with 

MIL-STD-750, Method 1021.1. The devices which survived t h i s  test 

were subsequently subjected t o  an addi t ional  240 hours of reverse 

b ias  t e s t ing  while being simultaneously subjected t o  the moisture 

res i s tance  t e s t .  The purpose of t h i s  t e s t ing  w a s  t o  determine the 

e f f e c t s  of the most ava i lab le  atmosphere contaminant on semiconductor 

surfaces protected by 

a .  The thermally grown oxide 

b. The thermally grown oxide and vapor plated g l a s s  

C .  The thermally grown oxide and hermetic packaging 

d. The thermally grown oxide, and vapor plated g l a s s ,  

and hermetic packaging, 

Devices of a l l  types which had been subjected to  the screening 

sequence, but had not been subjected t o  the moisture t e s t ing  were 

s p l i t  i n t o  two groups and were subjected t o  reverse b ias  tes t ing .  

One group w a s  operated a t  25OC and the other  was operated a t  75 C. 

A deta i led  discussion of the r e s u l t s  of t h i s  t e s t ing  i s  given i n  the 

following paragraphs. 

7.4.1 Evaluation Testing Results 

0 

Two groups of devices were fabricated during the course of t h i s  

contract .  The o r ig ina l  group of devices was  subjected t o  the 

t e s t ing  indicated i n  paragraph 7.4.1.1 and a second group of devices 

w a s  subjected t o  the t e s t ing  indicated i n  paragraph 7.4.1.2. 

fabr ica t ion  of the second group of devices was necessi ta ted when a 

The 

large percentage of the o r ig ina l  group of devices w a s  damaged during 

l i f e  tescing . 
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7.4.1.1 I n  Process Screening & Evaluation Testing of the Original 

Group of Devices. 

All of the devices fabr icated were subjected t o  a 100% e l e c t r i c a l  

inspection, Upon campletion of t h i s  tes t ing ,  a l l  devices which f a i l ed  

a r b i t r a r i l y  established l i m i t s  were removed. (See TABLE V I  .) 

The remaining devices were ser ia l ized  so tha t  the f i r s t  d i g i t  

of the 3-digi t  s e r i a l i z a t i o n  indicated the wafer from which the device 

was fabricated and the second and th i rd  d i g i t s  indicated the type of 

construction used i n  the fabr ica t ion  of the device according to  the 

following code: 

XOOO - X24* Unglassed, nonhermetically-sealed devices 

X25 - X49 Glassed, nonhermetically sealed devices 

X50 

X75 - X99 Glassed hermetically sealed devices 

MOTE: "X" represents any integer .  

* 700 - 724 a re  glassed with f i e l d  p l a t e s  i n  nonhermetic package 

800 - 824 are  glassed with f i e l d  p l a t e s  i n  nonhermetic package 

- X74* Unglassed hermietically sealed devices 

* 750 - 774 are  glassed with f i e l d  p la tes  i n  hermetic package 

850 - 874 a re  glassed with f i e l d  p la tes  i n  hermetic package 

These devices were then subjected t o  the e l e c t r i c a l  measurements, 

environmental screens and l i f e  t e s t s  as indicated i n  Table V I  . 
The r e s u l t s  of t h i s  t e s t ing  on the or ig ina l  devices, together with 

the quant i t ies  of devices subjected to  each t e s t ,  a r e  summarfzed i n  

TableVIII. No data i s  l i s t e d  f o r  the operating l i f e  t e s t s  because a 

large percentage of these devices were damaged and the t e s t  was d i s -  

continued. 
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TABLE VI 

S C E X N I N G  AND TEST SEQUENCE 
FOR ORIGINAL GROUP OF DEVICES 

n e c t r i c a l  Measurements per 
Specification given i n  Table VI1 

Stabiliza t ion Bake - 

Temperature Cycling, I 0 cycles, -65 to +20OoC 

16 Hours, 200°C 

Electrical Measurements 
per TableVII 

30 Mbutes each temperature extreme, 5 minutes 

XLectrical Measurements 
per Table VI1 

t 

transfer ( m a x i m )  
t 
t 

- t  

+ 
+ 
* 

Vibration Variable - 30 ItGtl 
MIL-STD-750 Method 2056 

3lectr ical  Measurements 
per Table VI1 

6000 IrGff (Pneupactor) Y 1  tk Y2 planes only 

‘Electrical Measurements 
per Table VI1 

Constant Acceleration, 20,000 llGft 
Y 1  &C P2 planes only 

per Table Q I  

Mechanical Shock - 

Electrical t Measurements 

J 

Moisture dsistance; 10 days Revetse Bias Operation Reverse Bia! Operation 

followed ~ Q T  1 hour, l25OC Bake 

‘Electrical Measurements 
per Tablea1 

Moisture Resistance, 10 days 
per MIL-STD-750 Method 1021.1 
while operation i n  the reverse 
bias circuit  of Figure 12 

Electrical Measurements 
per Tablevn 

MILSTD-750, Method 1021.1 at 2!j°C a t  75oc 

t 
* 
i 
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r J- 

+10 Volts 

Figure 12. Schematic drawing of test c i r c u i t  used  during 
moisture r e s i s t a n c e  w i t h  b i a s  t e s t i n g .  
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7.4.1.2 I n  Process Screening & Evaluation Testing of the Second 

Group of Devices. 

A second group of devices w a s  fabr icated,  and e l e c t r i c a l l y  measured 

according t o  the specif icat ion given i n  Table I X ,  The devices tha t  did 

not m e e t  the limits imposed by t h i s  specif icat ion were removed from the 

group and the remaining devices were ser ia l ized  as follows: 

The f i r s t  d i g i t  of the 3-digit  s e r i a l i za t ion  indicates  the wafer 

from which the devices were fabricated.  The second and th i rd  d i g i t s  

indicate  the construction. 

XOl-X24 - UnglassedJr nonhermetically sealed devices 

X25-X49 - Glassed, nonhermetically sealed devices 

X50-X74 - UnglassedJc, Sealed 

X75-X99 - Glassed, Sealed 

* 011-024 a re  glassed with f i e l d  p la tes  i n  nonhermetic packages 

401-424 are glassed with f i e l d  p la tes  i n  nonhermetic packages 

701-724 are  glassed with f i e l d  p la tes  i n  nonhermetic packages 

801-824 a re  glassed with f i e l d  p la tes  i n  nonhermetic packages 

050-074 are glassed with f i e l d  p la tes  i n  hermetic packages 

450-474 are  glassed with f i e l d  p la tes  i n  hermetic packages 

750-774 are  glassed with f i e l d  p la tes  i n  hermetic packages 

850-874 are glassed with f i e l d  p la tes  i n  hermetic packages 

These devices were subjected t o  the screening sequence shown i n  Table X. 
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TABLE X 

SC-ING SEQUENCE FOR SECOND GROUP OF DEVICES 

E l e c t r i c a l  Measurements pe r  
Specif icat ion of  Table IX 

Stab i l i za t ion  Bake 
16 Hours, 2OOOC 

1 
Q 

6 

4 
+ 
if 

Temperature Cycling 
10 cycles, - 6 5 O C  t o  +200°C 
30 minutes a t  each temperature 
extremes, 5 minutes t r ans fe r  (max) 

Thermal Shock, (hermetically sealed 
devices only) 10 cycles, - 6 5 O C  t o  +2OO0C 
5 minutes a t  each temperature extreme 
Immediate t r ans fe r  

Vibration Variable - 30 'IGtl 
MILSTD-750, Method 2056 

Mechanical Shock, 6000 IrGtt 

(Pneupactor) Y1 & Y2 planes only 

Constant Acceleration, 20,000 "GIt 

Y1 &2 Y2 planes only. 

Z l e c t r i c a l  Measurements per  
Specif icat ion of  Table IX 

These devices were not  e l e c t r i c a l l y  measured between each environmental 

s tep  because s u f f i c i e n t  information t o  determine the effect iveness  of  

each screen w a s  obtained during the evaluation o f  the o r ig ina l  group of  

devices. 

Upon completion of  the screening sequence, the f a i l u r e s  from this 

group of  devices were removed and subjected to  analysis  t o  determine 

the f a i l u r e  made and mechanism. 

A sunrmary o f  the results of the screening sequence is given i n  

Table X I .  
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Pr io r  t o  the i n i t i a l  e l e c t r i c a l  screen of the second group of 

devices, t h e  survivors of the o r i g i n a l  group of devices were subjected 

t o  3OO0C Storage f o r  16 hours t o  bake-out any inversion e f f e c t s  induced 

by the sho r t  reverse b i a s  l i f e  t e s t i n g  t o  which they were subjected i n  

the o r i g i n a l  t es t  sequence. Subsequent t o  the 3OO0C Bake, the  devices 

were e l e c t r i c a l l y  measured with the devices of the  second group during 

the i n i t i a l  e l e c t r i c a l  screen. The devices which d id  not meet the 

requirements of the e l e c t r i c a l  spec i f i ca t ion ,  TableIX, were removed. 

The o r ig ina l  devices w e r e  r e se r i a l i zed  according t o  the  code given i n  

paragraph 7.4.1.2 and retained i n  room temperature s torage,  u n t i l  the  

second group of devices were e l e c t r i c a l l y  measured after completion of 

the environmental sequence of Table X and were remeasured, This da ta  

i s  a l s o  summarized i n  Table X I  . 
The o r i g i n a l  and the second group of devices were then combined and 

subjected t o  reverse b i a s  operational t e s t ing .  

and 76 new devices from the new group were subjected t o  25 C reverse 

A t o t a l  of 30 o r ig ina l  

0 

b ias  t e s t i n g  and 29 o r i g i n a l  and 79 new devices from the second group 

were subject t o  75OC reverse b i a s  t e s t ing .  The c i r c u i t  u t i l i z e d  f o r  

both tests i s  shown i n  Figure 13. 

Parameter measurements were made a t  340, 694, 1000, and 4000 hours 

according t o  the  spec i f i ca t ion  of Table IX, When parameter measurements 

were made on the  devices subjected t o  75 C t e s t ing ,  they were cooled t o  
0 

room temperature p r i o r  t o  removal of the b i a s  so t h a t  i f  inversion had 

occurred during the l i f e  tes t  the  charge would be frozen s o  i t  could be 

detected a t  e lectr ical  t es t .  A l l  devices were e l e c t r i c a l l y  measured as 

soon as the  l i f e  t es t  b i a s  w a s  removed and were returned t o  the l i f e  test  

rack as soon as the measurements w e r e  completed. The da ta  obtained i s  

summarized i n  Table X I Z .  
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NOTE: The l i f e  t e s t  pos i t ions  are wired i n  p a r a l l e l  on 
14-position mother boards. To el iminate  the 
p o s s i b i l i t y  of damage t o  the  t e s t  vehic les  when 
i n s e r t i n g  the- mother boards i n t o  the t e s t  sockets,  
the  power supply l i n e s  a re  opened through a s w i t c h  
arrangement, as  indicated.  To minimize the pos- 
s i b i l i t y  of device damage because of high cu r ren t  
surges,  r e s i s t o r s  a re  in se r t ed  i n t o  the supply 
l i nes .  

Figure 13. Reverse b i a s  operat ional  l i f e  test  circuit .  
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7.5 STATISTICAL DATA ANALYSIS 

Ut i l iz ing  e lec t ronic  computer techniques, the d a t a  derived i n i t i a l l y ,  

and a f t e r  340, 694, 1000, and 4000 hours of reverse b ias  t e s t ing  a t  

both room temperature and a t  75 C ,  w a s  s t a t i s t i c a l l y  processed t o  obtain: 
0 

a .  The mean value f o r  each parameter a t  each readjng period, 

b. The standard deviat ion fo r  each parameter a t  each reading period, 

C .  The high value f o r  each parameter a t  each reading period, 

d ,  The low value f o r  each parameter a t  each reading period, and 

e. A numerical representat ion of the frequency d i s t r ibu t ion  f o r  

each parameter a t  each reading period. 

This statist ical  information i s  included i n  Appendix B. It should 

be noted however, t h a t  these ca lcu la t ions  a re  based on the parameter 

values measured only on devices which meet the l i m i t s  specif ied i n  

Table I X .  The data  from any device which did not meet the l i m i t s  

specif ied i n  t h i s  t ab le  w a s  n o t  u t i l i z e d  i n  the s t a t i s t i c a l  calculat ions.  

During the course of the analysis  of the f a i l u r e s  incurred during 

the t e s t ing ,  i t  w a s  discovered t h a t  most of the f a i l u r e s  involved only 

c e r t a i n  parameters. 

The parameters which caused device f a i l u r e  were: 

h q  IL12 

i o  IC162 

j' I C 2 C 1  

k* B~~~ ti B~~~ 

'C6GO 
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To determine i f  there were any s ign i f i can t  parameter change t rends,  the 

da ta  obtained during l i f e  t e s t ing  w a s  subjected t o  a computer or iented 

ana lys i s  t o  determine the mean value of each test  parameter, 

t h i s  determination the da ta  from the e l e c t r i c a l l y  defect ive devices was  

neglected. The mean value of each of the  parameters indicated above a s  

being responsible for  o r  r e l a t ed  t o  f a i l u r e  was then p lo t ted  as a function 

of tes t  durat ion (Figures 14 through 26 ). These p l o t s  showed s ign i f i can t  

trends only i n  the cases of: 

During 

h 0 4  and ' ~ 0 2  f o r  unglassed nonhermetically sealed devices 

subjected t o  room temperature operational t e s t ing .  The mean 

value of these parameters showed a subs tan t ia l  increase i n  

value a f t e r  1000 hours of t e s t ,  but recovered t o  the i n i t i a l  

l eve1 ,a f t e r  completion of 4000 hours of test.. 

Ic2c1 f o r  unglassed and glassed, nonhermetically sealed device 

subjected t o  room temperature operational t e s t ing  and f o r  

glassed, nonhermetically devices subjected to  75 C operation. 

This parameter i s  re la ted  to  I 

s ign i f i can t  increase f o r  the same parameters. The reason 

f o r  these changes i s  thought t o  be inversion which i s  

discussed i n  more de ta i l  i n  a later sect ion.  

High and low cur ren t  beta  f o r  a l l  device constructions during 

both room temperature and 75OC operation. The change i s  more 

predominant however a t  25 C .  

the beta p lo t s  i s  tha t  the parameter ind ica tes  a decrease 

i n  value f o r  the control  t r a n s i s t o r  which w a s  not biased 

during the test ,  and a r e l a t i v e l y  s t ab le  value fo r  the test 

t r ans i s to r ,  which was biased during the test. 

b. 

0 

which a l so  showed a C6GO 

c .  

0 The pecu l i a r i t y  observed from 
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7.6 FAILURE ANALYSIS 

7.6.1 General 

All devices from the second group were removed from test when the 

measured parameters exceeded the limits established i n  Table I X ,  O f  

these devices, an analysis was  performed on a l l  sealed devices and on 

the unsealed devices that f a i l ed  during reverse b ias  l i f e  tes t ing.  The 

unsealed devices which f a i l ed  during the environmental sequence were 

not subjected t o  analysis  because i t  would be too d i f f i c u l t  t o  determine 

whether the cause of f a i l u r e  was the screening sequence o r  i f  the device 

w a s  damaged because insuf f ic ien t  protection of the chip and in te rna l  

whisker wires resul ted i n  mechanical damage or  high leakage currents  

from contamination on the surface of the chip. 

7.6.2 Failure Analysis Procedure 

The general procedure u t i l i zed  i n  the analysis of the devices which 

f a i l ed  t o  meet the e l e c t r i c a l  specif icat ion imposed was: 

a. To ver i fy  the f a i l ed  parameter measurements on 

the automatic test  equipment tha t  was  used fo r  

the e l e c t r i c a l  measurements a t  the specified 

reading periods i n  the l i f e  and environmental 

test sequence , 

To observe the fa i led  parameter charac te r i s t ics  

on a curve tracer. 

To open the package and obtain visual ver i f ica t ion  

of the f a i lu re  mechanisms when possible. 

b,  

c ,  
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7.6.3 Predominant Fa i lure  Modes and Mechanisms 

The f a i l u r e  modes and mechanisms observed on the  devices tes ted  

under t h i s  contract  are summarized i n  Table X I 1 1  and the predominant 

f a i l u r e  modes and mechanisms are discussed i n  the following paragraphs, 

7.6.3.1 Predominant Fai lure  Modes and Mechanisms Observed 

on Devices during Room Temperature Storage. 

The o r ig ina l  group of devices, a f t e r  being subjected to  the  

environmental test sequence and a 18-hour 3OO0C bake-out subsequent 

t o  the discontinued l i f e  test, was measured e l e c t r i c a l l y  and held a t  

room teqperature storage fo r  about 6 weeks, 

readings was then made p r i o r  t o  reverse b i a s  t e s t ing  and f a i l u r e s  were 

A second set of electrical 

discovered. 

between the "p" type r e s i s t o r  through the 'ln" type subs t ra te  t o  the t'pll 

type i s o l a t i o n  region, and occurred most frequently when the  r e s i s t o r  

These failures were predominantly caused by high leakage 

was reverse biased during the e l e c t r i c a l  test (Test LRcag). The 

cause believed responsible i s  inversion of the 'lnl' type bathtub . 
degradation 

was apparently more severe on the unglassed sealed devices than on the 

RGO9 It should be noted, however, t h a t  the  extent  of I 

glassed sealed devices. The glassed sealed devices recovered during 

r e t e s t ing  but  the unglassed sealed device w a s  inverted t o  the extent  

t h a t  IWo9 & IGRo4 were r e s i s t i v e .  

7.6.3.2 Predominant Fai lure  Modes and Mechanisms on Second Group 

of Devices During the Environmental Screening. 

The most predominant f a i l u r e  mode observed on devices subjected 

t o  the environmental screens w a s  chip and bond f a i lu re s .  

purpose of the  screen was t o  remove devices of poor mechanical 

The 
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TABLE XI11 

FAILURE MODE SUMMARY 
OLD DEV ICES: 

a3 
0. * 
I- - 

UGS 

GS 

GS 

GS 

GS 

GS 

GS 

- 
GO' 

UG S 

UG 0 

UG 0 

694 hrs 
25OC RB 

000 hrs. 
5OC RB 

Ic2c1 

I C 2 C 1  

k 2 c 1  

v) 
U 
0" m 

110 

L 
a, s 
+I 
0 

BTACH 

~ D S L  

~ E B O T  

Comments 

Baked 96 hrs, 200°C, No change. 
Curve t race r  shows 9-4; 4-2; 9-2>aS 
Res i s  t ive. !% i 1 u re  mec han i sm i s  
invers ion. 

Pecul i a r  BTACH characterls-hc-s 
Pinhole-col l ec to r  metal t o  redoped 
i so I a t ion. 

lnvers ion of "n" type bathtub. 
Device p a r t i a l l y  recovered dur ing 
room temperature storage. 

No apparent cause f o r  f a i l u r e .  

Device has many pinhole-fa i lu re  
mechanism i s  probably pinhole 
under P in  12 metal t o  bathtub 1. 

Device passes spec a t  re tes t  but  
diode i s  creepy - Fa i l u re  mechanism - 
res i s t o r -  i s o l a t  ion channel. 

Parameter good a t  re tes t  but  curve 
t racer  shows 9-4; 4-2; E 9-2 
Just in spec - mech. i s  inversion. 

Device recovered and was returned 
t o  t e s t  - t e s t  e r ro r .  

Inversion o f  i so la t i on  region t o  
form llnll t o  llnll channel. 

Device recovered a t  room temperature 
storage - mech inversion o f  i so la t i on  
region t o  form trnlr t o  "ntf channel. 

Device recovered a t  room temp. 
storage - mech i s  inversion of 
i s o l a t i o n  region t o  form llnll t o  

I lnl 1 channel. 



TABLE XIII 

FAILURE MODE SUMMARY 
OLD DEV ICES (con Id) 

d) 
P 
>. 
t- - 
GO 

GO 

GO 

GO 
c?Q 

UG S 

UG 0 

- 
Go 

2 

z 
U 
al 
c .- 

340 hrs 
75OC RB 

I 1  

I t  

I t  

I t  

I t  

694 hrs 
75' RB 

&OOO h r s  
75% RB 

3 ~ 2 ~ 1  

k2C1 

IC2C1 
,c2c I 
L C i l  

lBR04 
IRB02 

%2c1 

v) 
W 

5 a 
L. 
d) c 
c, 
0 

Comments 

Device recovered a t  room temp. 
storage - mech i s  inversion o f  
i so la t i on  region t o  form Itnil 
t o  channel 

I t  I t  I 1  I t  

I 1  I t  I t  I t  

1 1  I 1  I t  I 1  

C l  11 t l  t l  

No v i s i b l e  evidence o f  short ing.  
Appl i ca t  ion o f  5OV between 12 & 5 
cured condi t ion - mechanism was 
probably fo re ign  mater ia l .  

Device showed s 1 ight  improvement 
i n  character i s t  ics dur ing room 
temperature storage. Mechanism i s  
inversion of iinil bathtub t o  cause 
channel between Res i s t o r  & base 
reg ions 

Device recovered a t  room 
temperature storage. Mechanism 
i s  i nve rs ion  of i s o l a t i o n  reg ion  
to form 1intf t o  tlnn channel. 



TABLE XIII 

FA 1 LURE MODE SUMMARY 
NEW DEV ICES 

Q) 
0 

> a 
0 

a 
9. 
>- 
t- 

FPS 

FPS 

GS 

GS 
- 
GS 

- 
GS 

UG S 

- 
UGS 

GS 

- 
GS 

- 

w 
U 
0 a 

ell 
LL. 

c .- 

30s t 
Screen 

I I  

I I  

I I  

I I  

I I  

II 

~ 

Commen t s 

Chip dismounted + open emitter, 
base & c o l l e c t o r  wires on 
t rans is to r .  

Open Col lector w i re  on contro l  
t rans is to r .  

1 ~ ~ 0 4  recovered dur ing room temp. 
storage - Base lead i s  broken 
near center o f  w i re  - c o l l e c t o r  
lead open a t  package bond. 

Pinhold t o  i s o l a t i o n  region. 

Unbonded chip and open leads t o  
p i n  12, i s o l a t i o n  & co l lec to rs  o f  
both t rans i s  tors.  

Fa i led  f o r  both 1 ~ ~ 0 2  E 18~04 dur ing 
recheck - both parameters recovered 
dur ing room temperature storage - 

mech. is base r e s i s t o r  channel. 

Tests good a f t e r  96 hour 2OO0C bake. 
Mechanism was res i s t o r  i s o l a t i o n  
channel. 

l ~ ~ o g  E 1 ~ ~ 0 4  show as r e s i s t i v e  
a f t e r  96 hour 20OoC bake - a l l  
other parameters recovered. 
F a i l u r e  mechanism i s  inversion. 

Parameter j u s t  w i t h i n  spec a t  
r e t e s t  a f t e r  room temperature 
storage. Fa i lu re  mechanism i s  
res i s t o r  i s o i a t  ion channel 

Open base on contro l  t r a n s i s t o r  
a t  ch ip  land. 

112 



TABLE XI11 

FA ILURE MODE SUMMARY 

NEW D E V I C E S  (con'd.) 

C 
0 

In 
L 
a) > c 

.- 

- 
IRG09 

IRG09 
IGR04 

J R G O ~  
IGR04 
lBRO4 
IRB02 

IGB02 
1 B G O ~  

I C 1  c2 

In 
TI c 
0 
m 

Wire & 
Chip 

Wire & 
Chip 

r i  

11  

II 

1L12 

113 

L 
a) 
L 
w 
0 

Comments 

Device j u s t  w i t h i n  spec. a t  
re tes t  a f t e r  room temperature 
storage. Fa i l u re  mechanism i s  
res i s t o r  i s o l a t i o n  channel. 

Chip dismounted - Pin 2, & base 
o f  t e s t  t r a n s i s t o r  open a t  chip. 
Pin 4 E co l  l ec to r  o f  t e s t  
trans i s t o r  open a t  package bond. 

~ 

Pinhole - Pin 12 metal t o  
i so la t i on  region. 

Fai led l ~ 5  bu t  tes ts  good on 
recheck - t e s t  e r r o r  o r  included 
foreign p a r t i c l e  no t  detected 
during v isua l  examination. 

Parameters remain out o f  spec 
a f t e r  96 hour, 2OO0C bake. Mechanism 
i s  r e s i s t o r  t o  i s o l a t i o n  channel. 

~ - ~~ 

Chip dismounted - many broken 
in te rna l  wires some o f  which were 
shorted together. 

Chip dismounted - the ch ip  was 
l o s t  during opening but curve 
t racer  t e s t  p r i o r  t o  opening 
indicated w i re  opens. 

Chip dismounted - in te rna l  leads 
open. 

Chip dismounted. In te rna l  open leads. 

Device tes ts  OK a f t e r  96 hr. 2OOOC 
bake & subsequent room temperature 
storage - Fa i l u re  mechanism i s  
invers ion. 



TABLE XITI 

FAILURE MODE SUMMARY 
NEW DEV ICES (con I d .) 

lRG09 
IRB02 
IGR04 
h 0 4  

IRG09 

1RG09 
IGR04 

ln 
W 
C 
0 
m 

Chip 

Wire & 
Chip 

t r  

r r  

Wire & 
Chip 

lL12 

1L5 

L 
P) r u 
0 

BTACH 
BTACL 

Comments 

Parameter f a i l u r e  due t o  in ternal  
shor t ing  caused by dismounted 
chip. 

Parameter f a  i lures due t o  dismounted 
ch ip  & open in te rna l  whisker wires. 

Parameter fa  i 1 ures due t o  d ismounted 
chip, open in ternal  wires & pinhole 
under Pin 12 metal. 

Parameter f a  i lures due t o  dismounted 
ch ip  & open in ternal  wires. 

Parameter f a  i 1 ures due t o  d ismounted 
chip, p inhole under Pin 5 metal t o  
n+ bucket & in ternal  shor t ing o f  
open w i res. 

Device tes'ts good a f t e r  96 hour, 
2OO0C bake & room temperature 
storage - Fa i lu re  mechanism was 
inversion. 

Device tes ts  good a f t e r  room 
temperature storage. Fa i lu re  
mechanism was invers ion. 

Parameter f a  i 1 ures due t o  dismounted 
ch ip  & open in ternal  leads. 

I ~ 0 9  E 1 ~ 0 4  are  r e s i s t i v e  a f t e r  
915 hour, !!OOOC bake and room 
temperature storage - Fa i lu re  mode 
is invers ion. 



TABLE XIII 

FA I LURE MODE SUMMARY 

NEW DEVICES (conld.) 
cn 
E 

cc 
L 
0 c 
m 
Q) 
c, m 
0, 

.- 

c 

IL5 
1L12 

0' 

!! 

~ R G O ~  

.- 
VI 
L 

E - 

IGR04 
lBR04 
lRB02 
1GBO2 
lBG09 ' CaCZ 

Q) 
0 
> 
0) 
Q 

- a) 
P >. 
i- - 

UG 0 

- 
GO 

- 
UG 0 

- 
UGS 

UG 0 

GO 

GS 

- - 
GO 

- 
GO 

- 
FP 0 

UG 0 
- 

Go 
Go 

Commen t s  

694 hrs 
2SoC RB 

1 ~ ~ 0 9  E IGR04 i s  res is t ive,  
l a c 2  shows h igh leakage - 
Fa i l u re  mechanism i s  invers ion. 

II 
lBR04 Wire F.ailure due t o  open in te rna l  

bond. 

II 
IRGO~ 
IGR04 

1 ~ ~ 0 9  recovered w i t h  Room Temperature 
storage. 1 ~ ~ 0 4  exh ib i t s  creepy diode 
Fa1 lu re  mode was inversion. 

340 hrs 
z ° C  RB 

lBR04 
IBGO~ 

lCBO1 
BTATL 

Device exh ib i t s  good BTATL, but  
creepy diodes on retest .  Fa i l u re  
mechan ism was invers ion. 

NO FAIL Fa i led  BTACL E BTACH but  re tested 
good - t e s t  er ror .  

I 1  Fai led  BTATl bu t  re tes ts  good - 
t e s t  er ror .  

NO FAIL 

Device retested good a f t e r  room 
temperature storage. Fa i l u r e  
mechan ism was invers ion. 

Ic2c1 

Ic2c1 694 hrs,  
75'C RB 

Device retested good a f t e r  room 
temperature storage - Fa i lu re  
mechanism was inversion. 

II 
%2c1 Device retested good a f t e r  room 

temperature storage. Fa i l u re  
mechanism was invers ion. 

Fa i led  f o r  l L l l  but  re tested good. 

Device recovered a t  re tes t  but 
1 ~ ~ 0 2  was j u s t  w i t h i n  spec l i m i t .  
Fa i l u re  mechanism was inversion. 

18 R04 
IRB02 

4 3  
439 

All 
?arame t 
r s  assc 
i a t e d  
3,th P i r  
and 2. 

Internal .  shor t  between pins 1 and 2 
resu l ted  i n  excessive cur ren t  
f l ow  during t e s t  me l t i ng  
aluminum metd i za t i on .  
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construct ion,  so these f a i l u r e s  were not  unexpected. The second most 

predominant f a i l u r e  mode was high r e s i s to r - to - i so l a t ion  leakage. Here 

a s ign i f i can t ly  l a rge r  percentage of the unglassed sealed devices (when 

compared t o  the glassed sealed devices) f a i l e d .  A s  w a s  previously 

described, the res i s tor - to- i so la t ion  leakage i s  believed t o  be caused 

by inversion of the  "n" type bathtub. Again, the degree of inversion 

i n  the unglassed sealed devices i s  apparently worse than the degree 

observed i n  the glassed sealed devices because some of the unglassed 

devices were inverted t o  the extent  t h a t  the IRGo9 measurement was 

r e s i s t i v e .  The following tab le  depicts  the extent  of inversion and 

recovery of devices during the environmental screening t e s t s ,  

TABLE X I V  

INVERSION AND RECOVERY OF GLASSED A,ND UNGLASSED DEVICES 

Sample 

Inverted 

Recovered 

Re s i  s t ive  

Glassed Sealed Unglassed Sealed 
Devices Devices 

67 38 

5 6 

4 4 

2 - 

7.6 .3 .3  Predominant Fai lure  Modes and Mechanisms Observed on 

Devices Subjected t o  25OC Reverse Bias Testing. 

The predominant f a i l u r e  modes exhibited by the test vehicles during 

reverse  b i a s  operation a t  25 C were high col lector- to-col lector  leakage. 

and high res i s tor - to- i so la t ion  leakage. Both of these f a i l u r e  modes are 

believed t o  be due t o  inversion. 

0 

The devices exhibi t ing the high 
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a l l  recovered during room col lector- to-col lector  leakage, 

temperature storage,  and the devices exhibi t ing high res i s tor - to-  

I C 2 C 1  

i s o l a t i o n  leakage showed various degrees of recovery during room 

temperature storage.  

7 . 6 . 3 . 4  Proposed Inversion Mechanisms 

a .  Inversion of I so l a t ion  Region t o  Form Collector t o  

Col lector  Channel. 

The mechanism proposed fo r  the high leakage observed i s  

the inversion of the "p" type i s o l a t i o n  during the reverse b i a s  l i f e  

t e s t ,  i n  much the same manner as i s  u t i l i z e d  t o  cause conduction i n  an 

MOS s t ruc ture .  A cross  sec t ion  of the device through the pin 5 metal 

over the i s o l a t i o n  region between co l lec tor  bucket 1 and co l l ec to r  

bucket 2 i s  shown below together with the biases  applied during the 

l i f e  tes t .  
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During the l i f e  t e s t ,  the pos i t ive  poten t ia l  applied t o  pin 5 

(and t o  the associated metal izat ion which crosses the i s o l a t i o n  region 

between the co l lec tor  buckets 1 & 2) d r i f t s  pos i t ive ly  charged ions i n  

the Si02 toward the S i - S i 0 2  in te r face  near the i s o l a t i o n  region. This 

pos i t ive  charge a t t r a c t s  negatively charged p a r t i c l e s  (electrons) from 

the S i  toward the S i 0 2  in te r face .  

i n  the oxide above co l lec tor  bucket #2 i s  inhibi ted by the pos i t ive  

poten t ia l  applied t o  the bucket. During e l e c t r i c a l  tes t ,  appl icat ion 

of a pos i t ive  poten t ia l  to  pin 6 causes the inverted region t o  reach 

i n t o  co l lec tor  bucket f 2  and cause high leakage, but applications of 

the posi t ive poten t ia l  t o  bucket #l (Pin 1, I c Z c 1 )  w i l l  not cause the 

The accumulation of posi t ive charges 

channel t o  reach through the Ic2cl w i l l  exhibi t  leakages s u f f i c i e n t l y  

low t o  pass the e l e c t r i c a l  specif icat ion.  
P 

Upon removal of the l i f e  

t e s t  b ias  conditions,  the charges gradually r e d i s t r i b u t e  themselves 

u n t i l  the col lector- to-col lector  leakage returns  t o  normal levels. 

b. Inversion of "n" Type Bathtub t o  Form Channels. 

The f a i l u r e  mode proposed f o r  high res i s tor - to- i so la t ion  

leakage i s  the inversion of the "n" type bathtub. 

which t h i s  inversion occurs i s  complex i n  t h a t  i t  does not appear t o  

be re la ted  t o  the appl icat ion of po ten t ia l s  t o  the device, since 

the f a i l u r e  mode w a s  observed not  only on reverse b ias  l i f e  test 

devices but a l s o  on devices which had been subjected t o  mechanical 

and thermal environmental tests. The mechanism i s  apparently re la ted  

t o  the periphery of n-p junction because the parameter t h a t  f a i l e d  

most frequently w a s  IRG09. This i s  the leakage across the reverse 

biased r e s i s t o r  junction (located i n  the same bathtub as the test  

t rans is tor )  t o  the i s o l a t i o n  region of the device. 

The mechanism by 
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7.6.3.5 Frequency of 25OC Reverse Bias Testing Fai lures  

f a i l u r e s  occurred during the and IRGO~ The extent  t o  which IClC2 

25OC Reverse Bias t e s t ing  are  summarized below. 

TABLE XV 

FREQUENCY OF 25OC REVERVE BIAS TESTING FAILURES 

.. 

J; One device f a i l e d  fo r  both i s o l a t i o n  t o  
r e s i s t o r  and col lector- to-col lector  leakage. 

-The s ignif icance of the data  from TablexV i s  t h a t  i t  ind ica tes  

glassing of unsealed devices has reduced the number of f a i l u r e s  

a t t r i bu ted  t o  inversion, although i t  a l so  ind ica tes  t h a t  hermetic 

packaging i s  j u s t  as  e f f ec t ive  f o r  t h i s  purpose. 

7.6.3.6 Predominant Fai lure  Modes Observed During 75OC Reverse 

Bias Testing 

The predominant f a i l u r e  modes exhibited by the t e s t  vehicles  
0 

subjected to  reverse b ias  operation a t  75 C were high co l lec tor - to-  

co l lec tor  leakage and high r e s i s t o r  t o  i s o l a t i o n  leakage. These 

f a i l u r e s  a re  believed due t o  inversion caused by the same mechanism 

described i n  sub paragraph 7.6.3.4. 
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The extent t o  which col lector- to-col lector  and r e s i s to r - to - i so l a t ion  

leakage were responsible f o r  f a i l u r e  during t h i s  t e s t ing  i s  indicated i n  

the following Table: 

TABLE X V I  

PREDOMINANT FAILURE MODES I N  75OC REVERSE B U S  TESTING 

The s ignif icance attached t o  the d a t a  of t h i s  Table again i s  t h a t  

the sealed devices showed a lower incidence of f a i l u r e  than the unsealed 

devices, f o r  inversion type f a i l u r e s .  The data  a l so  shows t h a t  the 

glassed open devices exhibited a considerable number of f a i l u r e s  f o r  

col lector- to-col lector  leakage. 

7.7 CONCLUSIONS 

The conclusions that can be drawn from the test  d a t a  obtained during 

the course of t h i s  contract  a re  indicated i n  the following paragraphs. 
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7.7.1 Effectiveness of Screens 

The in-process screens applied t o  these devices were qui te  e f f ec t ive  

i n  removing devices prone t o  both mechanical and thermal f a i l u r e s ,  as 

demonstrated by the f a c t  t h a t  no thermal and only one mechanical f a i l u r e  

was  incurred during the l i f e  t e s t ing  of the devices which survived the 

mechanical screens.  The screens which removed most of the poten t ia l  

f a i l u r e s  were the 6000 "G" mechanical shock screen and the  20,000 "G" 

constant accelerat ion screen. The constant accelerat ion screen would 

appear t o  have been a more e f f ec t ive  procedure f o r  the removal of 

mechanically weak devices because addi t ional  f a i l u r e s  were obtained 

during t h i s  test  a f t e r  the devices had been subjected to  and survived 

the mechanical shock test .  

The thermal shock test  a l so  appears t o  be a more e f f ec t ive  screen 

than the temperature cycling screen, because addi t ional  f a i l u r e s  were 

incurred a f t e r  the devices had been subjected t o  and survived the 

temperature cycling t e s t ing .  

Care should be taken, however, before general iz ing tha t  the 

apparently more e f f ec t ive  screens a re  i n  f a c t  ac tua l ly  more e f fec t ive .  

It i s  e n t i r e l y  possible tha t  the f a i l u r e s  observed during constant 

accelerat ion t e s t ing  were ac tua l ly  i n i t i a t s d  during the 

t e s t ing  and tha t  the f a i l u r e s  incurred during the thermal shock t e s t ing  

were i n i t i a t e d  during the temperature cycling tes t ing .  As previously 

mechanical shock 

s t a t ed ,  the in-process screens w e r e  e f f ec t ive  i n  removing poten t ia l  

mechanical and thermal f a i l u r e s .  The screening sequence could possibly 

be improved by increasing the 6000 "G" mechanical shock screen "G" level 

t o  20,000 - 25,000 " G " ,  but t h i s  change would require  evaluation. 
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0 The 200 C s t a b i l i z a t i o n  bake was  not e f f ec t ive  i n  removing devices 

which subsequently showed parameter changes a t t r i bu ted  t o  inversion, 

This does not mean, however, t h a t  the s t a b i l i z a t i o n  bake screen should 

be removed from the sequence, The 2OO0C s t a b i l i z a t i o n  bake has the 

e f f e c t  of reducing the in t e rna l  wire bond s t rength and thereby aiding 

i n  the el iminat ion of devices with marginal bond s t rength through sub- 

sequent mechanical t e s t i n g ,  The addi t ion of a reverse b ias  screen would 

have eliminated most of the  Ic2c1 f a i l u r e s  t h a t  were observed during the 

reverse b ias  l i f e  t e s t ,  and consideration of such a s'creen should be made 

when procuring high r e l i a b i l i t y  p a r t s .  The l i f e  tes t  data  ind ica tes  t h a t  

f a i l u r e s  general ly  occurred e a r l i e r  during the 75OC test than the I C 2 C 1  

they occurred during the 25' C test .  From t h i s  one could i n f e r  the 

p o s s i b i l i t y  of trading increased l i f e  test  temperature f o r  decreased 

reverse b ias  l i f e  t e s t  duration. The effect iveness  of high temperature 

short  durat ion reverse b i a s  t e s t ing  would need t o  be ve r i f i ed ,  however, 

fo r  each individual device type i n  a pa r t i cu la r  c i r c u i t .  

The 200'C s t a b i l i z a t i o n  bake did not screen devices which subsequently 

f a i l e d  f o r  high r e s i s to r - to - i so l a t ion  leakage. 

t h i s  type of defect  during the reverse  b ias  l i f e  t e s t ,  but these f a i l u r e s  

occurred primarily during the 25OC t e s t  r a the r  than the 75OC test ,  and a 

Several devices f a i l ed  fo r  

considerable number of devices f a i l e d  fo r  t h i s  parameter during the 

environmental screens.  It appears i n  t h i s  case tha t  high temperature 

t e s t ing  masks the high r e s i s to r - to - i so l a t ion  leakage f a i l u r e  mode. 

Based on the above, i t  appears t h a t  the most e f f ec t ive  reverse b ias  

screen f o r  inversion type of f a i l u r e s  must be determined by consideration of 

the type of f a i l u r e  most l i k e l y  t o  be incurred a t  the "in-use" conditions 

and design a test  c i r c u i t  e f f ec t ive  i n  the removal of devices which would 

cause operational f a i l u r e  i n  the "in-use" c i r c u i t .  
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7.7.2 Effectiveness of Glassing 

Glassing appears t o  have reduced the  degree of "n" doped s i l i c o n  

inversion but  has not eliminated i t s  occurrence. 

previous sect ions,  a bas ic  change i n  inversion voltage requires  a re- 

design of the product. 

As pointed out i n  

The f a i l u r e  ana lys i s  da ta  ind ica tes  t h a t  the 

unglassed devices a re  more susceptable t o  "n" doped s i l i c o n  inversion 

than the glassed devices,  but the difference i s  of degree ra ther  than 

kind. This i s  indicated by the f a c t  t h a t  10 unglassed devices and 9 

glassed devices suffered from channels i n  the 'W' regions of the device 

during the l i f e  and environmental t e s t ing ,  but 8 of the 9 glassed 

f a i l u r e s  recovered, while only 5 of 10 unglassed devices recovered 

during room temperature and/or high temperature storage.  

t ha t  did not recover, 5 of 10 unlgassed devices were inverted t o  the 

point t h a t  the leakage character izat ion of the devices i n  question 

appeared r e s i s t i v e  on the curve t r ace r ,  while only 1 of 9 glassed 

devices w a s  inverted t o  t h i s  extent .  

Of the devices 
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VT'II - T & S  7. & 8 - SPECIFICATION AND PROCEDURE FOR ENCAPSULATION 

8 . 1 INTRODUCTION 

It w a s  the purpose of t h i s  task  t o  prepare a complete spec i f ica t ion  

describing the g l a s s  encapsulation material found su i t ab le  as an encapsulant. 

A complete procedure fo r  the encapsulation of semiconductor devices 

(including monolithic integrated c i r c u i t s )  using the g l a s s  material was 

t o  be prepared. 

appl icat ion of the material and the  processing of the devices, 

The procedure i s  complete and includes d e t a i l s  on the 

A number of methods of obtaining fi lms of vi t reous Si02 have been 

reported. 

t o  the following react ion.  

The method described here i s  the oxidation of Si lane according 

Silane i s  a gas tha t  i g n i t e s  spontaneously i n  a i r  t o  form a 

powdery deposit  of co l lo ida l  silica. It w a s  found tha t  by d i lu t ing  

the SiH4 with an i n e r t  gas such as N2 p r io r  t o  react ing i t  with 02, 

the reac t ion  could be control led and by proper choice of reac t ion  

conditions,  t ransparent ,  adherent f i lms of Si02 can be deposited on 

semiconductor materials a t  deposit ion temperatures ranging from 200% 

t o  50OoC. 

8.2 SILANE SYSTEM 

of 

of 

be 

Several types of react ion apparatus have been used i n  the  course 

t h i s  pro jec t ,  but  they bas ica l ly  a l l  conform t o  the  same pr inc ip le  

operation. 

discussed here. 

The design and operation of these react ion systems w i l l  
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The source material i s  commercially avai lable  high pur i ty  3-42, 

(by volume) silane i n  Nitrogen, with < 5ppm of water. 

used i s  dr ied  t o  < 5ppm. 

the reac t ion  chamber. 

The oxygen 

The e n t i r e  mixture i s  introduced i n t o  

The reac t ion  chamber (see sketch) i s  designed t o  produce a 

uniform flow of gases over the deposit ion area, thus allowing the 

reac t ion  t o  take place only where deposit ion i s  desired.  The 

reac t ion  by-products a re  exhausted from an outer  chamber around the 

reac t ion  area.  

block under the reac t ion  chamber. 

p l a t e ,  As w i l l  be shown, deposit ion rate i s  temperature sens i t i ve  

and a temperature con t ro l l e r  s ens i t i ve  t o  

reproducible r e su l t s .  

The samples t o  be coated are placed on an aluminum 

The block is  heated by a hot 

l0C i s  used t o  obtain 

Figure28 i s  a schematic drawing of the 

reac t ion  apparatus. 

FWWMETERS , 

I I i 

-... -.. . OUT: EXHAUST 0, 

N, FLUSH 
VALVE 

t, 
t -1 L NO22 LE 

CONT ROLE 4 n l r d K N  ESS 
MONITOR 
(OPTIONAL) 

Figure 28.  Schematic drawing of S i 0 2  vapor plating system, 
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Gas mixing i s  done simply by introducing a l l  the metered gases 

i n t o  the react ion chamber from a common manifold (see Figure 28). 

More complicated systems of mixing, such as water cooled sp i ra led  

tubing and quartz chip mixing chambers have been investigated with 

no improvement i n  mixing qual i ty .  

The design of the reactionchamber i s  very important i n  order t o  

e f f e c t  uniform deposit ion over a large area while maintaining a high 

deposit ion rate, with the prime concerns being t o t a l  react ion chamber 

volume, t o t a l  gas flow and react ion chamber cross-sectional area. 

Hot p la te ,  o r  react ion temperature i s ,  of course, important a l so ,  

and must be controlled t o  a t i g h t  tolerance C+ l0C) by a temperature 

cont ro l le r .  The sample must exhib i t  a uniform surface temperature; 

t h i s  i s  accomplished by using a large m a s s  of aluminum as the heat 

source f o r  the substrate  

8 .3  SAFETY PRECAUTIONS 

Pure Silane i s  a toxic,  spontaneously combustible gas and should 

be handled with g r e a t  caution. 

5% i n  an i n e r t  gas are flammable, when mixed with oxygen. 

should be taken, then, so t h a t  the Silane is  properly d i lu ted  before 

mixing with oxygen. The e n t i r e  gas system should be equipped with a 

nitrogen flushing system t o  remove a l l  traces of oxygen from the gas 

l i n e s  when changing gas tanks o r  maintaining the system. The 

procedure i n  use i s  a tee  coupling on the SiH4 tank before the tank 

regulator .  

react ion apparatus flushed. It i s  advisable, i n  order t o  contain the 

Si02 react ion byproducts, t o  maintain the e n t i r e  react ion apparatus 

ins ide  an exhaust chamber or  hood. 

Mixtures, by volume, of grea te r  than 

Precautions 

Pure nitrogen can be introduced a t  t h i s  point and the e n t i r e  
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8.4 PLATING PARAMETERS 

8.4.1 P la t ina  R a t e  

A discussion of the var iab les  involved i n  the deposit ion process 

can bes t  be approached by f i r s t  discussing the e f f e c t s  of the gases 

involved i n  the  reac t ion  and t h e i r  e f f e c t  on growth parameters f o r  

a pa r t i cu la r  deposit ion system. 

For the system a t  hand, the e f f e c t  of varying SiH4 and 02 flows 

For a given Silane flow, f o r  a f ixed N2 flow i s  shown i n  F igu re29 .  

the deposit ion r a t e  increases  with an increasing flow of oxygen u n t i l  

an 02:SiQ r a t i o  of about 20:l i s  reached. 

deposit ion rate decreases, 

r a t e  i s  t h a t  the reac t ion  i s  now taking place i n  the gas mixing apparatus 

a t  c lose t o  room temperature. 

of S i 0 2  i n  the l i n e s  between the gas mixing area and the reac t ion  

chamber. The e f f e c t  of varying the ni t rogen flow f o r  a f ixed 02:SiH 

r a t i o  i s  shown i n  Figure 30. 

increases ,  deposit ion r a t e  decreases. 

A t  t h i s  point ,  the  

The explanation f o r  t h i s  decrease i n  

This f a c t  i s  evidenced by the fonnation 

4 
Generally, as the flow of nitrogen 

8.4.2 Uniformity 

The importance of nitrogen flow i s  b e t t e r  expressed, however, by 

i t s  e f f e c t  on the uniformity and qua l i ty  of the deposi t  r a the r  than 

i t s  e f f e c t  on the uniformity and qua l i ty  of the deposit  r a the r  than 

i t s  e f f e c t  on rate of deposition. 

a fog of pa r t i cu la t e  Si02 i s  formed i n  the reac t ion  chamber. 

p a r t i c l e s  can set t le  on the subs t ra te  causing a high pinhole densi ty  

i n  the deposited film. 

For very low flows (0-3k cc/min.) 

These 

For s l i g h t l y  higher N2 flows, the deposit  
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e Silane F l o w  2 .8  cc/min. 
11 Silane F l o w  8.4  cc/min. 
X Silane F l o w  180 cc/min. 

02 F l o w  cc/min. 

Figure 29.  

Effect of Oxygen an Deposition Rate 

Nitrogen f l o w  7000 cc/min. 
H o t  Plate Temperature 40006 -129- 



10K 

9K 

%K 

-7K 

-6K 

c 
-5K 5 

04: 
cu u 

.A 

2 
.A 

-4K $ 
rn 
0 
14 
cu n 

- 3K 

- 2K 

- 1K 

0 

;I SiH4 flow 19.6 cc/min. 02 flow 350 cc/min. 
A SiH4 flow 14.0 cc/min. 02 flow 250 cc/min. 

SiHq flow 11.6 cc/min. 02 flow 200 cc/min. 

Deposition Rate vs. Nitrogen Flow 
for 02:SiH4 Ratio of 18:L 

Figure 30.  
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tends to be thicker in the center of the substrate and for very 

high flows (> Ilk cc/min.) the deposit tends to become thinner 

in the center of the substrate. A set of flow conditions allowing 

high deposition rate (5000 A/min.) and excellent uniformity on 

1-1/2” diameter substrates C+ 5% in 10 R A) have been determined 
and is in use in the production facility, 

The effect of deposition temperature on deposition rate i s  

shown in Figure31. 

As temperature increases, for a fixed set of gas flows, the 

deposition rate increases linearly, 

on gas concentrations] temperature increase no longer has an 

effect on rate of deposition, 

temperature above that at which it is desirable to operate with 

aluminized substrates, so that only the linear portion of the 

curve need be of concern. In this region, deposition rate varies 

approximately 40 - 50 f /min/’C and displays the necessity for 

accurately controlling the deposition temperature. 

Eventually though (depending 

This however is usually a t  a 

8 , 4 . 3  Etching 

Since we are depositing Si02 on wafers rather than on individual 

devices, the glass must be delineated and etched so that electrical 

connections can be made. While the plating parameters have no effect 

on the etching characteristics of the deposited glass, there is the 

consideration of etchant temperature, The following is a table of 

etch rate in BHF composition VS. etchant temperature. 
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Si& F l o w  - 19.6 cc/min. 
Nitrogen Flow - 6000 cc/min. 
Oxygen Flow - 350 cc/min. 

Deposition Rate vs. Temperature 

Hot Plate Temperature OC 

Figure 31. 
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0 BHF Temp. C Etch Rate %_/set. f 10 

15 
22 
25 
30 
40 

90 
130 
160 
220 
300 

This data Indicates that etch rate increases approximately 10 %, /sec 

for a l0C increase in temperature, 

controlling the temperature of the etchant in all phases of selective 

delineation during fabrication of glassed devices. 

This demonstrates the necessity for 

8.5 CHARACTERISTICS OF THE GLASS 

Some of the more important characteristics of Si02 deposited by 

the Silane process are: 

I. 

2, 

3. 

4 .  

5, 

That is is completely compatible with all the device 

processing steps that precede it and that the 

temperature required for deposition be lower than 

any critical temperature characteristic of semi- 

conductor devices. 

That it results in a uniform thickness of deposition 

across the entire substrate. 

That it has etching characteristics that permit 

delineation and etching of cuts to contact pad 

areas of underlying metalization, 

That it has a very low pinhole density. 

That it exhibits sufficient rigidity to permit a high 

level of mechanical protection to the metalized circuit. 
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Some of the abve characteristics have been discussed previously 

and can be summarized briefly here, 

within a temperature range of 200-500°C (with 4OO0C being the present 

Since deposition takes place 

operating point) the process is completely compatible with normal 

semiconductor device fabrication techniques, 

With current reaction chamber nozzle designs and proper control 

of gas flows, uniformity of deposition can be controlled to 25% for E+ 

l0,OOOd deposit thickness, across a 1-1/2" diameter substrate, fiis 

uniformity could be enhanced by implementation of a system of substrate 

rotation within the reaction chamber, should greater uniformity be 

deemed necessary. 

Etching characteristics have been proven to be insensitive to 

deposition parameters, 

for various combinations of gas flow proportions. This fact is 

The deposited Si02 etches at a constant rate 

evidenced by the following table. 

TABLE XmI 

ETCH RATE VERSUS GAS FLOW PROPORTIONS 

SiH Flow 
<cc%nin.) 

14 .O 
19.6 
19.6 
28 ,O 
28 .O 

N2 Flow 02 Flow 
(cc /min) ( cc /min) 

7000 
4000 
6000 
7000 
4000 

350 
175 
175 
90 
175 

Etchorate in 
23 C BHF 

(ii/sec. 210) 

150 
140 
145 
140 
140 
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The etch r a t e  has a l so  been found to  be insens i t ive  t o  changes i n  

deposit ion temperature, a s  evidenced by the following table.  

TABLE XIX. 

ETCH RATE VS. TEMPERATURE 

Etch r a t e  
Deposition i n  24OC BHF 
Temp. (OC) (i/min.k 10) 

350 
375 
400 
425 
450 
475 
500 

160 
160 
150 
160 
165 
165 
165 

As shown previously, e tch  r a t e  i s  dependent on etchant temperature. 

With proper control of e tch  bath temperature, i t  i s  possible t o  

make etch cuts  of ra ther  small dimensions (1/2 m i l  square) i n  deposit  

thicknesses of up t o  15,OOOi . 
Pinholes i n  vapor deposited S i 0 2  can be caused by several  fac tors .  

The formation of pa r t i cu la t e  S i 0 2  i n  the react ion chamber i s  a 

contributor;  t h i s  can be eliminated by frequent cleaning (every 10 

runs) of the react ion chamber and hot  p l a t e  surface.  

of prime importance is  substrate  c leanl iness .  

(approximately 1,000 5 9. deposited on a pla in  s i l i c o n  wafer i s  a 

good visual  t e s t  fo r  c leanl iness .  

The fac tor  

A th in  layer of S i 0 2  

An unclean wafer or  an unsat isfactory 

cleaning process w i l l  cause pa r t i cu la t e  contaminants t o  be visable  as  

pinholes or  areas of non-uniform f i lm thickness. A more sens i t ive  

t e s t  f o r  pinhole detect ion i s  fabr ica t ion  of capacitors using the 

deposited layer  as  a d i e l ec t r i c .  A pinhole w i l l  a c t  as  a shorted 

capacitor.  
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By properly cleaning the subs t ra tes  p r i o r  t o  deposit ion,  pinhole 

den-.i t ies of less than one pinhole per 30,000 square m i l s  can be 

obtained i n  s ing le  layer  Si02 deposit ion.  

for  any appl icat ion i n  which the deposit ion serves only as a protect ive 

layer .  

f o r  capaci tor  s t ruc tu res  o r  when mult i level  metal izat ions are required,  

a two-step p la t ing  process y ie lds  pinhole dens i t i e s  of one pinhole p e r  

150,000 square m i l s .  

t o  one-half the desired thickness, the subs t ra te  i s  then removed, 

recleaned, and placed back i n  the reac t ion  chamber f o r  f i n a l  deposit ion.  

This f igure  i s  acceptable 

For appl icat ions where the Si02 layer  i s  t o  be used as a d i e l e c t r i c  

In t h i s  process, the  deposit ion i s  car r ied  out 

The mechanical protect ion afforded t o  c i r c u i t  metal izat ion has 

been demonstrated by tests whereby c i r c u i t s  with a without deposited 

Si02 were subjected t o  conditions t h a t  would cause the metalizations 

t o  be scratched or  abraded. Such a tes t  cons is t s  of rubbing two wafers, 

one glassed and one not ,  together face-to-face with an abrasive material 

i n  between. The following tab le  shows the r e s u l t s  of such a test: 

TABLE XX 

RESULTS OF SCRATCH TESTING 

I n i t i a l  Inspection 
Wafer Unscratched Scratched 

Glas sed  265 2 

Unglassed 25 8 0 

Final  Inspection % Increase 
Unscratched Scratched i n  Scratches 

263 3 0.76 

96 162 63 .O 
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It is obvious from this data that a high degree of mechanical 

protection is afforded by vapor deposited Si02. 

further supported by comparison o f  production yields and visual analysis 

of lots of circuits fabricated with and without deposited Si02, 

general decrease of 15 to 20% in visual rejects due to metalization 

scratching can be expected. 

This fact can be 

A 

Another consideration for circuit protection is that the deposited 

Si02 layer exhibits a low enough tensile stress to enable it to withstand 

temperatures in excess of the deposition process that might be encountered 

in certain packaging operations. 

deposit has been found to be directly proportional to the log of the 

The amount of stress inherent in the 

deposition rate. 

withstand a temperature of 53OoC without evidence of cracking, 

Glass deposited at 1000 Wmin. has been able to 

The 

addition of Phosphine to the reactants in the deposition apparatus 

greatly lowers the stress, increasing the ability to withstand elevated 

temperatures. 

8.6 SUMMARY 

The low temperature oxidation of Silane has been shown to yield 

controllable, high quality films of SiOz. This process is compatible 

with regular device fabrication and yields an oxide that affords 

enhanced mechanical protection of metalized silicon planar devices. 

Another consideration for circuit protection is that the deposited 

Si02 layer exhibits a low enough tensile stress to enable it to with- 

stand temperatures in excess of the deposition process that might be 

encountered in certain packaging operations. The amount of stress 

inherent in the deposit has been found to be directly proportional 
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to the log of the deposition rate. 

parameters have been effected and a deposition rate has been found 

which enables the deposited Si02 to withstand temperatures in excess 

of 53OoC without evidence of cracking. 

1000 i/min. and is lower than the standard 

but is acceptable in applications where devices are to be packaged in 

other than metal flat-pack packages. The addition of Phosphine to the 

reactants in the deposition apparatus greatly lowers the stress, 

increasing the ability to withstand elevated temperatures. 

Various controls of the deposition 

This deposition rate is 

practiced rate of 5,000A /min. 

In summary, the low temperature oxidation of Silane has been shown 

to yield controllable, high quality films of Si02.  This process is 

compatible with regular device fabrication and yields an oxide that 

affords enhanced mechanical protection of metalized silicon planar 

devices. 
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APPENDIX A 

METHODS OF DEPOSITION 

CONVENTIONAL EVAPORATION 

Conventional evaporation, as a technique of film 

deposition, consists of volatilizing a material located 

at some position in a vacuum chamber and condensing it 

on a substrate located at another. The volatilization of 

the material is usually affected by contact with another 

more refractory material which is resistively heated. 

In general, evaporation is a technique with which 

the industry has had considerable experience and which 

possesses $he advantages of straight-line transfer of 

material. Thus it is possible to use masks to accomplish 
.- - 

delineation. 
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The disadvantages of conventional evaporation a re  : (1) 

possible  contamination of the  evaporated g l a s s  by material from 

the r e f r ac to ry  heater ,  and (2 )  f r ac t iona t ion  and d i s t i l l a t i o n  of 

the evaporant when it i s  a compound. I 

Hacskaylo' has evaporated mixtures of Dy2O3, B203 and Si02 

(80:bO:lO by weight) t o  form dysprosium boros i l i ca t e  ( r a r e  

e a r t h  oxide glass) f i l m s .  

from a tungsten boat; the deposi t ion rate t h a t  was obtained was 

on the  order  of 200 8/min; and the  films t h a t  were deposited 

ranged from 600x t o  22 p. i n  thickness .  

of the  f i lms deposited was about 4.5; the d i e l e c t r i c  s t rength 

was 4 x 10 V/cm; and the  f i l m s  d id  not  f r a c t u r e  or exh ib i t  

The source mixture was' evaporated 

The d i e l e c t r i c  constant 

6 

mechanical deformation t o  a temperature of 500°C. 
2 Johansen has evaporated Si0 from a tantalum Drwnheller 

source t o  show tha t  s i l i c o n  oxide f i l m s  of reproducible r e s i s t i v i t y  

can be deposited when the  evaporation rate, the res idua l  oxygen 

pressure,  the  subs t ra te  temperature during deposi t ion,  and the 

subsequent hea t  treatment a r e  control led.  The range of f i l m  

th ickness  f o r  the  experiment was 0.1 t o  1 p. Depending on the  

composition of the  f i l m ,  SiO,, where x var ied from below 1 t o 2 ,  

the r e s i s t i v i t y  varied from LO7 t o  loL6 ohm-em when measured 

w i t h  an applied e l e c t r i c  f i e l d  of 250 V/cm. 

' Substrates  are general ly  heated t o  obtain adherent evaporated 

Novice3 repor t s  that the  adherence of oxides s i l i c o n  oxide f i l m s .  

evaporated on room temperature subs t ra tes  can be improved by 

incorporat ing a t e n s i l e  stress i n  the evaporated layer .  T h i s  can 

be achieved by evaporating Si0 a t  oxygen pressures  below t o r r  
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so that l i t t l e  oxidat ion w i l l  take place.  The r e s u l t a n t  f i l m  w i l l  

have the des i r ab le  t e n s i l e  stress i n  i t .  When exposed t o  the 

atmosphere, a compressive stress, possibly due t o  the absorption 

of water molecules, w i l l  appear. This w i l l  r e l i eve  t h e i t e n s i l e  

s t r e s s , r e s u l t i n g  i n  a r e l a t i v e l y  stressdfree and stable f i l m .  

'ELECTRON BEAM EVAPORATION 

Electron beam evaporation differs from conventional evaporation 

only i n  the means by which energy i s  supplied t o  the evaporant. 

I n  the e l ec t ron  beam method, a focused beam of e lec t rons  produces 

in tense  loca l i zed  hea t ing  i n  the material t o  be evaporated, thus 

obviat ing contact  with some o ther  material which must be in t ense ly  

heated. If the material t o  be evaporated i s  an in su la to r ,  it i s  

necessary f i r s t  t o  raise i t s  temperature u n t i l  it conducts 

s u f f i c i e n t l y  t o  ca r ry  away the charge of the impinging e l ec t ron  beam. 

The advantage of e l ec t ron  beam evaporation i s  i t s  freedom from 

the contaminations which emanate from the r e s i s t i v e l y  heated c o i l s ,  

boats,  and sources used i n  the conventional technique. 
4 L e w i s  

beam technique. I n  the  case of the evaporation of Si02, he suggests 

that ,  because of the d i s soc ia t ion  of Si02, the g l a s s  f i l m s  t ha t  were 

obtained were e i ther  S i O ,  Si02, or an intermediate oxide, depending 

on t-he ex ten t  of the reoxidation during or af ter  deposition.. 

Although the measured value of r e f r a c t i v e  index f o r  the films was 

always 1.5 - 0.1, the valu'es of d i e l e c t r i c  constant var led.  Values 

of 5 were obtained f o r  fas t  evaporations of about 6000Q'min and 

has evaporated both Si02 and A1 0 using the e l ec t ron  2 3  

+ 

values of about 4 f o r  slow evaporations around 300 8/min. These 
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were obtained with or without an oxygen leak i n t o  the vacuum 

system. When s i l i c a  was evaporated onto substrates a t  5 0 0 ° C ,  and 

then baked i n  oxygen a t  4OO0C, d i e l e c t r i c  constants  of 3.6 and 3.9 

were obtained. The thickness  range for the  experiment was 0.8 

t o  3.4 I&. 

I n  the study of the evaporation of A1 0 r a t e s  of 270 8/min 
2 3' 

t o  2400 8/min were employed t o  deposi t  f i l m s  ranging from 0.6 t o  

1.9 IJ.. The measured values obtained f o r  the  d i e l e c t r i c  constant  

and index of r e f r ac t ion  were 8.6 0.6 and 1.6 2 0.05, respect ively.  

Lewis  observed that these parameters showed no syatematic va r i a t ions  

which could be associated w i t h  deposi t ion rate, oxygen pressure,  or 

subs t r a t e  temperature. H e  concludes that  h i s  f i l m s  a r e  stable i n  

both a i r  and oxygen, and he comments that  the  low value of 

d i e l e c t r i c  constant  compared t o  the bulk value may possible  be due 

t o  the porosi ty  of the  evaporated oxide. 

REACTIVE EVAPORATION 

I n  reac t ive  evaporation, the vacuum chamber i n  which the  

operat ion i s  perfcrmed contains  a partial  pressure of a gas which 

i s  intended t o  r eac t  with the mater ia l  being evaporated. The 

react ion may take place a t  the  source a t  i t s  elevated temperature; 

it may take place i n  the vapor phase; it may take place on the 

subs t ra te ;  or it may take place i n  some combination of the  

preceding ways. 
5 Kaplan has reac t ive ly  evaporated A1 i n  a p a r t i a l  pressure of 

t o r r  of water vapor t o  obtain aluminum oxide f i l m s .  Rates 

asr high as 50 8/sec were a t t a inab le  for the process. 

which ranged i n  thickness from 0 .1  t o  15 IJ., d i e l e c t r i c  constants  

I n  f i l m s  
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from 2.22 t o  4.68 were measured. Kaplan poin ts  out  that  some H20 

must be incorporated i n  h i s  f i l m s ;  i n  which case, the  d i e l e c t r i c  

constant  would be expected t o  be highec-than the  d i e l e c t r i c  constant  

for uncontaminated A1203. 

method resul ts  i n  f i l m s  with d i e l e c t r i c  constants  less than bulk. 

I 

H e  o f f e r s  no explanation of why the  

The reac t ive  evaporation of A1 i n  a par t ia l  pressure of O2 

has been performed6, but  the de le te r ious  e f f e c t s  of O2 a t  par t ia l  

pressures  above 

high pretjsures. Below par t ia l  pressures  of t o r r g  r a t e s  no 

higher  than 5 A/sec have been obtained. 

t o r r  on a hot  A1 source prevents the use of such 

0 

REACTIVE SPUTTERING 

When conventional cathodic sput te r ing  i s  used as a method of 

deposi t ion,  t he  material t o  be deposited i s  elevated t o  a high 

negat ive po ten t i a l ,  usual ly  with respect  t o  a grounded baseplate  

i n s ide  an evacuated b e l l  jar system. An i n e r t  gas i s  bled i n t o  the  

system u n t i l  adlscharge r e su l t s ;  and then, as a r e s u l t  of t h e , p o s i t i v e  

cat ions bombarding the  cathode, mater ia l  i s  dislodgkd and condensed 

on subs t ra tes  posi t ioned t o  receive it. I n  general ,  i n su la to r s  ~ 

c k o t  be sput tered because of the build-up of pos i t ive  charge upon 

them, and sput te r ing  techniques other  than conventional ones must 

be employed. 

‘ I n  reac t ive  sput te r ing  the  e l e c t r i c a l  discharge takes  place 

i n  a partial pressure of a reac t ive  r a the r  than a n6ble gas. 

The mater ia l  which condenses on the subs t ra te  i s  the product of 

the react ion of ‘the gas and the sput tered species.  

sukh as the  oxides and the n i t r i d e s  of c e r t a i n  metals and 

semiconductors can be formed by a modified sput te r ing  technique. 

Thus in su la to r s ,  
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7 Janus has r eac t ive ly  sput te red  S i  i n  a N2 atmosphere t o  

obta in  adherent s i l i c o n  n i t r i d e  f i l m s  1.5 p th ick .  Rates as high 

as 100 x/min were obtained, and the f i l m s ,  as shown by e l ec t ron  

d i f f r a c t i o n ,  were amorphous. Transmission e l ec t ron  microscopy 

showed that  the f i l m s  were free of pinholes greater than 50 1 
i n  diameter. Neither deposi t ion on ho t  subs t r a t e s  nor post  

deposi t ion annealing i n  a i r  altered the s t r u c t u r a l  c h a r a c t e r i s t i c s .  

The d e n s i t i e s  and d i e l e c t r i c  constant measured f o r  the f i l m s  were a l l  

lower than bulk values.  
8 Valletta has prepared r eac t ive ly  sput te red  s i l i c a  f i l m s  by 

spu t t e r ing  S i  i n  mixtures of A r  and 02.  

obtained were 100 x/min without an assis t ingmagnet ic  

The maximum deposi t ion rates 

f i e l d ,  and 

2000 8/min w i t h  one. When 

percentage of 02 ,  i n f r a red  

f i l m s  were r e l a t i v e l y  more 

higher than 250 A/min, the 
0 

the spu t t e r ing  gas' contained a high 

spec t ra  revealed tha t  the r e s u l t i n g  

porous. When the  deposi t ion rate was 

e tch  rates of the f i l m s  increased; they 

became more porous; and they had a higher water content.  

subs t r a t e  temperature during deposi t ion was between 6 0 0 " ~  and 

When the 

7OO"C,  the s i l i c a  f i l m s  were very similar t o  thermally grown Si02. 

A r e f r a c t i v e  index of 1.463 2 0.002 was measured for a f i l m  prepared 

a t  100 g/min i n  O.l$ O2 i n  A r  and a surface temperature of 6 0 0 " ~  

t o  700°C. Etch rates var ied from 3 8/sec f o r  these."best" f i l m s  t o  
0 

more than 300 A/sec f o r  f i l m s  deposited faster than 1000 8/min. 

Fr ieserg  has r eac t ive ly  sput te red  A 1  i n  A r  and O2 mixtures 

t o  form alumina f i l m s .  . H e  found that the deposi t ion rate tended 

t o  decrease as a par t ia l  pressure of O2 i n  the spu t t e r ing  gas 
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mixture increased. 

f i l m s ,  which were bare ly  Qoluble i n  HF, resu l ted  under conditions 

H e  a l s o  found t h a t  po lyc rys t a l l i ne  8-alumina 

of high deposi t ion rates (g rea t e r  than 10 8/min) and high subs t r a t e  

temperatures; whereas, a t  low deposi t ion rates ( l e s s  than 7 8/min) 

and low subs t r a t e  temperatures, amorphous HF-soluble f i l m s  were 

deposited.  
+ + - 0.2 $/em3. 

for  the soluble  f i l m s  and 1.62 2 0.03 f o r  the barely soluble  ones. 

The dens i ty  f o r  both types.of  f i l m s  was found t o  be 1.8 

The r e f r a c t i v e  index was measured to be 1.51 - 0.03 

The d i e l e c t r i c  strength of the soluble  f i l m s  was found t o  be 

4 x l o 5  V/cm, as deposited,  and 8 x 10 5 V/cm af ter  hea t ing  a t  100°C 

for three hours. On the basis of the low measured dens i ty  and the 

inhomogeneities that were revealed by etching experiments, F r i e se r  

concluded tha t  h i s  f i l m s  were porous. 

r-f SPUTTERING 

I n  the r-f spu t t e r ing  technique, a rad io  frequency p o t e n t i a l  

i s  applied t o  a metal e lec t rode  posi t ioned behing the i n s u l a t i n g  

material t o  be deposited. With t h i s  technique, no p o s i t i v e  charge 

build-up w i l l  o c c w  on the i n s u l a t o r  s ince  both p o s i t i v e  ions 

and e lec t rons  w i l l  bombard it during opposite phases of t h e  p o t e n t i a l  

cycle.  Radio frequencies are required to s p u t t e r  material from 

i n s u l a t o r s  because the  phenQmenon occurs only af ter  a p o s i t i v e  ion  

sheath i s  generated about t h e  in su la to r ,  and i t s  surface possesses 

a n e t  negative po ten t i a l .  The e f f e c t  i s  due t o , t h e  d i f fe rence  i n  

mobil i ty  of the p o s i t i v e  fons and e l ec t rons  and takes p lace  only when 

the frequency applied i s  greater than 10 kHz. 
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10 
Davidse has obtained the following deposit ion r a t e s  f o r  r-f 

1200 @ n i n  for Si02, 700 g/min for GSC-1 sput te r ing  a t  13.57 MHz: 

glass, 500 A/min for Pyrex 7740, 400 8/min for lglCP glass ,  alumina, 

and mul l i te ,  and 300 x/rnin for BN. 

the subs t r a t e  temperature usual ly  decreases the deposit ion r a t e .  

For example, when the r a t e  f o r  Si02 wi$h a substrate temRerature 

of 1 0 0 ° C  i s  1200 8/min, i t  w i l l  be 600 g/min a t  5OO0C, a l l  other  

conditions being the  same. He has a l so  observed t h a t  par t ia l  

0 

He has observed that  increasing 

pressures  of O2 added t o  the  sput te r ing  gas w i l l  decrease the 

deposit ion rate; whereas an aux i l i a ry  magnetic f i e l d  of 110 gauss 

applied normal t o  the  cathode w i l l  increase the r a t e  by 308. The 

highest  deposit ion r a t e  obtained was 2000 a/min w i t h  Si02. H e  

comments t ha t  on the basis of acid e tch  experiments on 2-c1. t h i ck  

films of GSC-1 glass ,  low pinhole d e n s i t i e s  can be obtained without 

extreme precautsion. 

I n  addi t ion t o  the reac t ive ly  sput tered f i l m s  of s i l i c o n  

n i t r i d e  which have been mentioned i n  the sec t ion  on reac t ive  

sput te r ing ,  Janus 7 has a l s o  r-f sput tered s i l i c o n  n i t r i d e .  A l l  

comments made about c h a r a c t e r i s t i c s  noted with the  reac t ive ly  

sput tered f i l m s  a l s o  apply t o  the r-f sput tered ones. The one 

notable difference i s  tha t  the etch r a t e  f o r  r-f sput tered s i l i c o n  

n i t r i d e  has been found t o  be about an order of magnitude lower than 

that f o r  reac t ive ly  sputtered s i l i c o n  n i t r i d e ,  

VAPOR PLATING 

The  various vapor p l a t i n g  processes a r e  those methods of 

deposi t ing f i l m s  which take place by means of chemical reaction. 

The material of the  subs t ra te  i s  never a p r inc ipa l  reac tan t  i n  
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these  processes.  When energy is, required,  it i s  general ly  supplied 

i n  the form of thermal energy. Those systems, i n  which e i ther  

rad io  frequency o r  microwave energy i s  used t o  generate a plasma, 

are considered separately.  

! 

The deposi t ion processes can be c l a s s i f i e d  i n t o  two categories:  

low temperature processes i n  which t h e ' s u b s t r a t e  temperature does 

not exceed, f o r  example, 400°C during deposi t ion or subsequent 

processing s teps ,  and high temperature processes i n  which the  

subs t r a t e  i s  heated, e i ther  during deposi t ion or during a 

subsequent s i n t e r i n g  s t e p ,  t o  6oo0c o r  higher. 

On tihe o the r  hand, the processes can be categorized according 

t o  the  kind of chemical reac t ion  o r  phenomenon which causes the  

deposi t ion t o  take place.  These would be oxidation; dispropor- 

t iona t ion ,  py ro ly t i c  decomposition, hydrolysis ,  and chemical 

t ranspor t .  

O X I D A T I O N  REXCTLONS 

Motorola'' has prepared s i l i c a  f i l m s  by means of the oxidat ion 

of s i l a n e  a t  a temperature of 2 O O 0 C 1  

rates i n  the range of 2000 t o  3000 8/min are possible .  

'constants  of 4.2'Pave been measured on the f i l m s .  

With t h i s  system deposi t ion 

D i e l e c t r i c  

It has been 

concluded that the lower deposi t ion rates y i e l d  

d i e l e c t r i c  proper t ies .  Etch rates of about two 

greater than those obtained f o r  thermally grown 

observed. 
11 I n  addi t ion ,  Motorola has prepared f i l m s  

somewhat b e t t e r  

orders  of magnitude 

oxides have been 

of binary and 

te.rnary glasses by means o f  a modification of the oxidation-of- 

s i l a n e  method. The glass systems were chosen on ithe basis of glass 
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modifiers that would form good dielectrics and help form dense,’etch- 

resistant films. 

Borosilicate glass was deposited at 450°C by means of the 

oxidation of silane with triethylboron alkyl. Uniform films were 

obtained with thicknesses between 500 and 10,000 8. 
constants between 4.56 and 6.39 were obtained. 

Dielectric 

Antimony silicate glass was deposited using silane and tri-n- 

butyl stibine. Good film uniformity and high deposition temperatures 

reported was 450°C. 
Measured dielectric constants were between 2.78 and 5.00. The 

resistivity ranged from 7.83 x los3 to 9.5 x 10 

dielectric strangth, from 3.75 x 10 to 0.5 x 10 V/cm. 

Thicknesses were of the order of 2000 8. 

14 

6 6 
ohm-cm; the 

Boro-aluminosilicate glass films were deposited at temperatures 

around 400°C using silane, triethylboron, and triethylaluminwn. 

Films between 100 and 2000 thick were deposited at rates 

considered fal.rly rapid. The ranges of the properties that were 

measured were: 3.2 to 6.1 for dielectric constant; 4.7 x 10 

to 7.5 x 10 

4.8 x 10 

6 
6 

ohm-cm for resistivity. 

V/cm for dielectric strength; and 1.2 x 1013 to 
13 

DISPROPORTIONATION REACTIONS 
12 Doo has deposited pyrolytic films of silicon nitride by 

the disproportionation of silane and ammonia with hxdrogen as the 

carrier gas. 

films are amorphous. 

Electron microscopy and diffraction indicate that the 

Deposition rates of 190, 1800 and 3500 8/min 

were obtained for substrate temperatures of 800, 900 and 1O0OoC; 

respectively. Cracks were observed in the films that were more 
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than 1~ th ick .  The crack dens i ty  was found t o  increase with film 

thickness and deposi t ion rate. 

approximately 2. 

reactant was decreased, the index of r e f r a c t i o n  rose, i nd ica t ing  

an excess of S i .  

The index of r e f r a c t i o n  for the films 

However, when the concentration of NH3 as a 

Films deposited a t  8 0 0 " ~  etched f a s t e r  than those 

a t  gO0"C or looooc. 
Bean13 a l s o  has  deposited s i l i c o n  n i t r i d e  by the silane-ammonia- 

1 

hydrogen react ion.  ' H i s  observations are e s s e n t i a l l y  the same as 

those of Doo. One d i f fe rence  i's that  i ln ' the subs t r a t e  temperature 

range of 900°C t o  l l O O ° C ,  Bean observes evidence of c r y s t a l l i n i t y  

i n  h i s  f i l m s .  Above 1100°C many hexagonal rodl ike c r y s t a l l i t e s  

grow over the surface which can be i d e n t i f i e d  as S i  N by 

x-ray d i f f r a c t i o n .  
3 4  

14 Hu has a l s o  deposited s i l i c o n  n i t r i d e  films by the  same 

process. H e  repor t s  an index of r e f r ac t ion  of 2.05, a d i e l e c t r i c  
constant of 6.2, a d i e l e c t r i c  s t rength  of the order  of 10 7 V/cm, 

and an e lec t r ica l  r e s i s t i v i t y  of about 1 x 1015 ohm-cm a t  400°C. 

Rand15 has formed s i l i c a  f i l m s  by the disproport ionat ion of 

SiBr4 and C 0 2 .  H e  obtained r a t e s  from 160 t o  400 8/min i n  the 

deposi t ion temperature range of 800"c t o  950°C. 

about 2% res idua l  B r ,  which apparently i s  not  free t o  migrate. 

are clear, v i t reous ,  adherent, and contain no de tec tab le  s t ruc tu re .  

The f i l m s  contain 

They 

The index of r e f r a c t i o n  i s  1.48 f0.02; the range of the d i e l e c t r i c  

constant was measured as 3.5 t o  4.1; and the dixelectric strength 

is about 2 x 10 V/cm. 7 
16 

Maxwell has deposited s i l i c a  on platinum and molybdenum 

subs t r a t e s  a t  8 0 0 " ~  by means of the disproport ionat ion of SiC14 
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and C02. 

temperature of 8oo0c provided tha t  the  f i n a l  f i l m  thickness was 

600 8 o r  grea te r .  Under the best conditions of deposit ion,  the 

films had a uniform appearance, had d i e l e c t r i c  proper t ies  c lose  t o  

those of bulk, and had a high d i e l e c t r i c  s t rength  of around 10 

V/cm. 

He was able t o  form continuous f i l m s  a t  and near a 

7 

A deposit ion rate of around 1000 8/hr was measured a t  7500C. 

Tung17 has likewise deposited s i l i c a  by the  disproport ionat ion 

of SiC14 and C02. H e  obtained deposit ion rates on s i l i c o n  of about 

2000 R/min.at temperatures near 1300°C and rates of about 50 8/min 

a t  about 1000°C. The uniformity of h i s  f i l m s  depended only on the  

aerodynamics of the gas flow pa t te rns .  The f i l m s  were amorphous 

as determined by e lec t ron  d i f f r ac t ion ;  they had a dens i ty  of 2.31 

0.02 g/cm3; the index of r e f r ac t ion  was 1.460; the d i e l e c t r i c  
6 constant was approximately 4; d i e l e c t r i c  s t rengths  of 6 x 10  

V/cm were measured; and the r e s i s t i v i t y  was estimated t o  be bet ter  

than 8 x LO 14 ohm-cm a t  room temperature. H e  a l s o  observed that  the 

rate of e tching of the s i l i c a  was higher than the r a t e s  obtained f o r  

thermally grown layers .  

I n  the same paper Tung17 repor t s  the deposit ion of alumina 

f i l m s  by means of the pyro ly t ic  disproport ionat ion of A1C13 

and C02. 

polycrys ta l l ine  as determined by e lec t ron  d i f f r ac t ion .  The index 

of refractionsof the f i l m s  was 1.76, and the rate of deposit ion was 

820 i/min a t  1200OC. 

hydrofluoric ac id  etching. 

The f i l m s  were t ransparent  and f ree  of pinholes, but  

The f i l m s  exhibited remarkable res i s tance  t o  

By properly ad jus t ing  the flow of hydrogen c a r r i e r  gas 

simultaneously over AlCl and S I C 1 4  source materials, Tung l7 was 3 
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able t o  deposi t  f i lms  of t he  mixed oxides v i a  the  s&ne chemical 

processes. The r e s u l t a n t  f i l m s  had the  general  appearance of t h e  

Si0 f i l m s  and exhibi ted increased r e s i s t a n c e  t o  hydrofluoric  ac id  

etching as t h e  alumina content increased. 
2 

PYROLYTIC DECOMPOSITION 
18 Klerer has  formed 

of e thyl t r ie thoxys i lane .  

REACTIONS 

s i l i c a  f i l m s  by the  pyro ly t ic  decomposition 

H e  found that  s i l i c a  f i l m s  formed on 

s i l i c o n  heated t o  900°C had an index of r e f r a c t i o n  of 1.455. A t  

800°C he w a s  ab l e  t o  form f i l m s  a t  t he  rate of 2000 8/min, which 

were c l e a r  and continuous up t o  thicknesses of 200,000 8. These 

f i l m s  withstood temperature cycl ing from 900°C t o  l i q u i d  ni t rogen 

temperature. 

HYDROLYSIS REACTIONS 
19 Barnes has deposited s i l i c a  f i l m s  by means of the pyro ly t ic  

hydrolysis  of SiBr4 a t  950°C- He obtained deposit ion r a t e s  of 

approximately 3000 8/min, and showed that  t h e  f i lms  were non- 

c r y s t a l l i n e  by x-ray d i f f r a c t i o n  examination. 

as t h e  c a r r i e r  gas, t h e  r e s u l t a n t  f i l m s  contained 0.3 f O..l% 

When N2 was used 

ni t rogen.  Nevertheless, a l l  f i l m s  were s u i t a b l e  f o r  use as capac i tors  

up t o  600°C. 

CHEMICAL TRANSPORT 
20 

Chu has  deposited s i l i c a  on s i l i c o n  subs t r a t e s  a t  temperatures 

of 400°C t o  600°c using the  chemical t ranspor t  technique with 

hydrogen f luo r ide  as the  t ranspor t  agent. A closed reac t ion  system 

was used i n  which the s i l l c o n  source mater ia l  was maintained a t  

150°C. The equilibrium i n  t h i s  p a r t i c u l a r  reac t ion  i s  such t h a t  t he  
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format ion 

a t  higher 

425OC and 

deposited 

pinholes. 

of s i l i c a  from the gaseous p roduc tceac tan t s  i s  favored 

temperatures. 

about 550 A/hr near  550°C were obtained. 

was t ransparent ,  amorphous, highly adherent, and f ree  of 

Approximately 1 atomic percent of f l uo r ine  was detected 

Deposition rates of about 110 8/hr near  
0 

The s i l i c a  

i n  f i l m s  t ransported under 10 atmospheres of pressure.  The dens i ty  

w a s  measured t o  be 2.23 0.02 g/cm 3 ; the  r e f r a c t i v e  index, 1.451 

0.003; and the d i e l e c t r i c  constant,  approximately 3. 

I n  2 M  hydrofluoric acid,  the d isso lu t ion  rate of thermally 

grown Si02 was 3 8/sec. I n  comparison, s i l i c a  f i l m s  transported 

under 1 t o  3 atmospheres of pressure dissolved a t  5.3 a/sec, and 

those transported under 10 atmospheres pressure,  a t  6.7 8/sec. 

BLOW DISCHARGE VAPOR DEPOSITION 

The d i f fe rence  between glow discharge vapor deposit ion and 

ordinary vapor p l a t i n g  i s  the manner In whf.ch energy fs supplied 

t o  the system so tha t  the  chemical react ion can proceed. I n  the  

former technique, a radio frequency-or microwave-induced, glow 

discharge, which i s  generated a t  su i t ab ly  low pressures,  rather 

than heat, i s  the means of supplying t h i s  energy. One proposed 

mechanisr? f o r  the reac t ion  i s  tha t  the ionized gas atoms of the 

carrier gas c o l l i d e  w i t h  the ,molecules of the reac tan ts ,  forming 

free rad ica l s  which are absorbed by the sur face  of the subs t ra te .  

Further decomposition and react ion can take place a t  the subs t r a t e  

surface due t o  the continuous ion ic  bombardment. 

Al t2’  has deposi ted s i l i c a  from the decomposition of alkoxy- 

s i l a n e s  i n  an argon plasma. 

of 10 t o  200 c1. were used. 

Frequencies of 1 t o  5 MHz and pressures  

Deposition rates of 50 @min were 
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obtained on unheated substrates. The films were amorphous as determined 

by electron diffraction; uniform in thickness; capable of protecting 

the silicon substrates in a C 1 2  atmosphere at 900°C to 950°C; and 
I 

suitable as phosphorus diffusion masks at l25O"C. 

InZ2 has deposited silica films of unknown stoichiometry by 

decomposing tetraethoxysilane in an oxygen plasma induced by a 

frequency of 0.5 MHz at a pressure of 90 c1;. The deposition rates 

were varied between 3.5 and 72 A/min by adjusting the concentrations Q 

of tetraethoxysilane. The films had a refractive index of 1.5 

2 0.1; had dielectric constants between 4.5 and 5.4;; and were amorphous 

as determined by electron diffraction. 

Secrist23 has deposited silica films by decomposing tetra- 

ethoxysilane in an oxygen plasma. 

were used. 

and were amorphous as determined by x-ray diffraction- It was 

determined that the rate of deposition was controlled by 

physical adsorption. 

Frequencies of 2.45 KHz/sec 

The films had refractive indices of 1.458 f 0.002 

A few heats of absorption were calculated. 

If bulk density is assumed for the silica, one can calculate the 

following thickness deposition rates from measured mass deposition 

rates: 

about 19 A/min; for tetraethoxysilane at the same flow rate on 

platinum at 306"C, about 31 X/min* 

for tetraethysilane on a platinum substrate at 306"C, 
0 

24 Sterling has deposited amorphous films of both silica and 

silicon nitride by glow discharge vapor deposition. 

of 1 MHz and pressures of 100fi were used. Systems with silane 

and either water vapor, carbon dioxide, o r  nitrous oxide were 

Frequencies 

capable of yielding silica films. Some water tended to be 

incorporated in the films, but it was easily eliminated by raising 
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the subs t r a t e  temperature t o  2OO0C f o r  deposit ion.  

index was measured t o  be 1.49. 

The r e f r a c t i v e  

Amorphous s i l i c o n  n i t r i d e  was deposited from systems 6f s i l a n e  

and ammonia. When the subs t r a t e s  were held a t  300°&or higher 

during deposit ion,  the  r e su l t an t  f i lms  were extremely hard and 

acid r e s i s t a n t .  The f i l m s  had a r e f r a c t i v e  index of 2.1, a 

d i e l e c t r i c  constant of between 8.0 and 9.0, and a d i e l e c t r i c  

s t rength  i n  excess of 5 x 10 Both s i l i c a  and s i l i c o n  

n i t r i d e  were grown a t  rates between 550 and 1700 8/min. 

6 V/cm. 

SETTLING 

Glass f i l m s  can be formed by s e t t l i n g  co l lo ida l  susp,ensfons 

of g l a s s  onto subs t ra tes ,  decanting the suspending f l u i d ,  and 

f i r i n g  the packed powdered g lass  at  temperatures near  i t s  

sof tening point .  

P l i ~ k i n ~ ~  has forrYled g l a s s  f i l m s  using suspensions of Corning 

Pyrex 7740 g lass .  

order  of 0.1 p i n  diameter. Several  l i q u i d s  of d i f f e r e n t  

d i e l e c t r i c  constants were used as suspending media. The long and 

shor t  range uniformity of the f i l m s  was found t o  depend upon this  

property of the suspending medium. The suspension was centrifuged 

The gIass  p a r t i c l e s  used were generally of the 

a t  2000 0 f o r  2 or 3 minutes and f i r e d  i n  a furnace f o r  10 minutes 

a t  8.20'C. 
ti 

Uniform, pinhole-free f i l m s  4000 8 th ick  'and g rea t e r  were 

obtained . 
ELECTRON BOMBARDMENT POLYMERIZATION AND OXIDATION 

Films of s i l i c a  can be formed by coating substrates with a 

th in  film of a mater ia l ,  for example t r iphenyls i lanol ,  by means 
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of vacuum .evaporation, then polymerizing that film by bombarding 

with an eiec++on beam, and finally oxidizing the resultant 

polymer to silica. 

-. 

’ 

Woodman26 has formed films of silica on germanium using this 

technique. 

a nickel boat at 1 to 10 p, of pressure. He then bombarded the 

He performed his evaporations of triphenylsilanol from 

films with 5 kV electrons’ at a .maximum current of 70 p to polymerize 

them. 

remaining unpolymerized triphenylsilanol. 

triphenylsilanol films to silica, he heated them in air at 500°C 

for 90 minutes. Lower temperatures required longer periods of time 

for complete oxidation. For example, 400°C required 6 hours. The 

Next, he heated them to 2OO0C in a vacuum to volatilize any 
* :  

Then, to oxidize the 

thickness range of the amorphous silica deposited with this 

technique was from 1000 A to 5500 A .  As a diffusion mask for 

germanium, it was effective against antimony but not against indium. 

ANALYSIS AND RECOMMENDATIONS 

Subsection 2.1 of the report defined the functions of an 

encapsulant, and, in view of those functions, listed properties that 

an encapsulant must possess. Next, a group of materials was chosen, 

each of which has the’ required properties and B a s  been deposited in 

film form. 

specific methods of depositing them requires (1) considering criti- 

cally the properties of the materials, (2) considering the limita- 

tions-and advantages inherent to the methods qf deposition and (3) 

considering the results of the experimenters whc  have investigated 

them. 

An evaluation of those materials in conjunction with the 

I 
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Since the function of glass encapsulation is protection, 

perhaps the most important property of an encapsulant is freedom 

from pinholes. Pinholes expose the underlying device to the 

ambient, creating localized unprotected regions and providing 

unwanted shorts to metallizations which have been formed on top 

of the glass layer. The reports cited'earlier indicate that 

Si02, Si3N4, A1203, and Corning 7740 glass can be deposited as 

pinhole-free films. However, other reports indicate that films 

of SfOe9 and A1 0 

is a phenomenon which is not defined as well as pinholes are, but 

if we accept the representation of a porous film as sponge-like 

which have been deposited are porous. Porosity 
2 3  

on a sub-microscopic level, then it is obvious that porosity in 

an encapsulant is undesirable. In any event, as film thickness 

increases, the pinhole density decreases and the poorer protection 

that a porous film provides is minimized. Hence, if a method of 

deposition cannot be modified by means of adjusting the deposition 

parameters o r  by employment of ultra-clean procedures to yield films 

with fewer pinholes o r  less porosity, then thicker filmB can be 

used to combat the problem. 

A point which is as important as pinholes and porosity is 

thickness uniformity of the glass layer to prevent thin o r  weak 

spots. In addition to planar areas, the surface topography of a 

microcircuit contains lines and points generated by the inter- 

section of two and three planes, respectively. Theseoare .- . the 

result af metallizations and contact cuts, and can be represented 

as inside or outside steps and corners. If deposition occurs via 

a Line-of-sight transfer of material from a small area source, 
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m a n y  problems will be encountered. For the mhst part, they can 

be categorized as shadowing occurring at insid&, steps and corners, 

resulting in discontinuities in the glass f ilm3 and thin o r  weak 

spots which occur at outside steps and corners. 

can be minimized by using several distinct sources of material 

These difficulties 

which are strategically positioned, or,by using one source displaced 

from the surface normal to the substrate while simultaneously 

rotating the substrate about that normal. However, the vapor 

plating and sputtering techniques by far provide the most uniform 

film layers which are completely lacking in the irregularities 

just described. 

I 

If no pinhole or porosity problems exiBt,, but the film has a 

dielectric constant higher than desirable, then at a given thickness, 

parasitic capacitances may be excessive. As before, increasing 

the film thickness will tend to eliminate the problem. In genreal, 

the considerations of pinholes, excessive porosity, and parasitic 

capacitance due to high dielectric constant will establish the 

lower limit of film thickness. 

In devices, contact cuts must be made through %he encapsulating 

glass layer to underlying strata. The resolution pf the delineation 

of' these cuts  w i l l  depend upon the thickness of the glass layer 

and impose an upper limit on it. 

required for protection depends on whether it is less that the. 

upper limit; that is, whether it is thin enough to be deltneated. 

The practical lower limit 

Given a material with a suitable dielectric constant and 

lacking pinholes and porosity at a reasonable thickness, the next 

constderation would be a practical one. The deposition rate for 
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the material must be high enough that the desired thickness can 

be obtained in a reasonable time. If we arbitrarily choose one 

micron of material in two hours to be a minimum acceptable deposition 

rate, then, according to the references cited earlier, the following 

systems would fail to meet the minimum rate requirement: 

depot3ited by glow discharge vapor deposition, Si02 deposited by 

chemical transport, Si974 deposited by conventional reactive 

sputtering, and A1203 deposited by conventional reactive sputtering. 

However, there is a possibility that if the reactive sputtering 

of Al 0 and Si3N4 were performed in a magnetic field, the rates 2 3  
would be somewhat increased. On the other hand, the fastest rates 

bf film formation that were reported were 6000 R/min for SiOe 
deposited by electron beam evaporation, 5000 8/min for Si02 

depoeited by the oxidation of silane, 3500 8/min for Si3N4 

deposited by the reaction of silane and ammonia, and 3000 8/min 

for A1 0 deposited by reactive evaporation. 

$io2 

2 3  
The preceding considerations of deposition rates do not apply 

to the formation of glass films by settling, since that method 

does not involve a cumulative type of film formation. 

A very important consideration in the deposition of a glass 

layer on a microcircuit is the tempeya'ture required for the 

deposition. Since the majority of microcircuits utilize aluminum 

metallization for contact to the silicon, a maximum allowable 

temperature is determined by'the alwninum-silicon eutectic, 577°C. 

If this temperature is chosen as the maximum temperature range 

permissible during the deposition of a glass layer, all but two 

of .the vapor plating techniques are eliminated as possible 
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methods f o r  deposi t ing g l a s s  encapsulants. S i l i c a  has been 

deposited by the oxidat ion of s i l a n e  a t  2OO0C, and binary and 

t e rnary  g lasses  have been deposited by modifications of the method 

a t  temperatures no higher  than 4 5 0 ° C .  

chemical t ranspor t  has been conducted a t  temperatures of only 

4 0 O o C  t o  6 0 0 " ~ .  

The deposi t ion of  SiOg by 

A considerat ion r e l a t ed  t o  the  temperature required f o r  

deposi t ion of the g l a s s  encapsulant i s  the necess i ty  f o r  matching 

thermal coe f f i c i en t s  of expansion of the  g l a s s  l aye r  and the 

s i l i c o n  wafer. For the most p a r t ,  t he  values of the thermal 

coe f f i c i en t  of expansion of the  g lass ing  materials match the  

value f o r  s i l i c o n  reasonably wel l .  This ind ica tes  that  the re  w i l l  

be a minimum of fi lm cracking and poor adhesion r e s u l t i n g  from 

t h e m a l  coef f ic fen t  of expansion mismatch. The g rea t e s t  mismatch 

i s  found f o r  Si02. The thermal coe f f i c i en t  of expmsion of Si02 

i s  about 5.4 x 10'7/0C,  while the  value f o r  s i l i c o n  i s  42 x 1 0 - 7 / 0 C .  

However, even i n  t h i s  c a s e , , P h i l c o ' s  experience with Si02 vapor 

p l a t e d  by oxidat ioh of s i l a n e  ind ica tes  no problems f o r  encapsul- 

a t i n g  layers  less than 20,000 8 th ick .  

, Because contact  cu ts  must be etched through the glass 

encapsulating layer ,  another property required f o r  the  g l a s s  

l aye r  i s  e t chab i l i t y .  A.11 the g lasses  considered as encapsulants 

possess a reasonable degree of e t c h a b i l i t y  except Si3N4, which i s  

very r e s i s t a n t  t o  acid etching. However, t h i s  material, need not  

be ellminated as a possible  encapsulant because, under c e r t a i n  

deposi t ion condi t ions,  verykporous f i l m s  of S i  N have been obtained 

which e tch  a t  reasonable r a t e s .  Therefore, t he re  i s  the p o s s i b i l i t y  
3 ' t  
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that Si N can be deposited in such a form, delineated, etched, 3 4  
and finally densified by a bake at some elevated temperature. 

Two further criteria in the choice of the glass materials 

as possible protective films are stability and inertness. 

Comments have already been made on the increased solubility of 

glass films due to excessive porosity.. Another phenomenon which 

affects stability and inertness is the inclusion of unwanted 

impurities. .Certain films of reactively sputtered Si02 werd 
c 

reported to contain high percentages of oxygen: when nitrogen 

was used as the carrier gas in the pyrolytic hydrolysis of SiBr4, 

the resultant Si02 films contained measurable amounts of nitrogen; 

when filrlls of Si02 were formed by the disproportionation of SilBr4 

and C02> they contained as much as 2% residual bromine; and water 

was found ta be incorporated in the fimlms of’ Si02 

by glow discharge vapor deposition using silane. 

composition of the deposited glass material might 

that were formed 

Control of the 

be expected to be 

simplified in the case of single component glasses, i.e., Si02. 

The deposition methods of settling and electron bombardment 

polymerization plus oxidation must be considered separately. 

Settling is unsatisfactory f o r  depositing a glass encapsulant because 

the radii of the colloidal glass particles which are used are very 

much’greater than the radii of the inside steps and,corners 

pres’ent in microcircuits. As a result, a uniformly intimate 

cantact cannot be achieved with this method. In additAon, the 

film Lends to include impurities mainly due to the suspending 

medium. Electron bombardment polymerization plus oxidation can 

A-22 



be eliminated for several reasons. The resultant films are porous, 

as indicated be their poor masking properties* It is doubtful 

whether complete oxidation of the polymer takes place at temperatures 

below 500°C within reasonable times. 

evaporation of an initia1,film and the electron bombardment of it, 

both of which are line-of-sight processes resulting in nonuni- 

The method involves vacuum' 

formities as discussed above. 

One last but very important factor in the consideration 

and selection of the glassing material and deposition process 

is the possible inclusion of mobile alkali ions, hydrogen ions, 

o r  mobile charge in general. At the time glassing techniques 

were originally developed, the importance of Ion contamination 

phenomena was not realized. Accordingly, when glassing materials 

were selected, adequate consideration was not given to the importance 

of controlling ion concentrations and/or electribal fields to insure 

reliable devices. 

It has been shown that planar diodes and transistors have a 

number of reliability problems due to surface phenomena. 

Degradations occurring during operating life have often been 

found to be reversible. This type of instability was attributed 

by a number of investigators 27-29 to the motion of ions on the 
surface, with the resultant formation ,of a channel. ' The lateral 

ion migration hypothesis was widely accepted until the advent of 

studies directed toward understanding the phhomena of threshold 

voltage of MOS transistors. 

The significance of charge motion in the oxide of planar 

devices was first realized in studies of instability of insulated- 
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gate f i e ld  e f f e c t  (MOST) deyices.  

inves t iga t ions  i n  a number of labora tor ies ,  it became evident 

t h a t  motion of a l k a l i  (espec ia l ly  sodium) ions and of protons 

A s  a r e s u l t  of in tens ive  

i n  thermallygrown oxides i s  a major f a c t o r  i n  the  s t a b i l i t y  of 

MOS devices.  Thus, one of the proper t ies  desired i n  a g lass ing  

mater ia l  i s  complete absence of mobl le .a lka l i  ionsr 

After it was demonstrated that t ransverse migration of cat ions,  

p a r t i c u l a t l y  sodium ions i n  the  oxide, was the  cause of instabi1it ;y 

i n  MOS t r a n s i s t o r s ,  many workers concluded that t’kansverse ion 

migration wa8 t he  cause of a l l  surface r e l a t ed  i n s t a b i l i t y  i n  aW1 

planar  devices.  While t ransverse ion migration, including sodium 

and hydrogen ions,  i s  the p r inc ipa l  cause of i n s t a b i l i t y  i n  MOS 

devices,  p a r t i c u l a r l y  those having a ga te  e lectrode which overlaps 

the source and dra in  regions, such as p-channel enchancement mode 

MOS devices, lateral  ion migration i s  a l so  a f a c t o r  ih planar  

oxide s t a b i l i t y .  

A f u r t h e r  complication makes it d i f f i c u l t  t o  pred ic t  the 

magnitude of e l e c t r i c a l  f ie lds  along the  surface of the d i e l e c t r f c  

a t  var ious places  on the  surface of a t r a n s i s t o r .  This arises 

from the  f a c t  that  i n  cases , the surface conduct ivi ty  of the  

e l e c t r i c  i s  high r e l a t i v e  t o  i t s  bulk conductivity.  Moreover, 

the durface conduct ivi ty  va r i e s  with the  degree of surface con- 

tamination by ions,  with the  degree of absorption of water o r  

o ther  polar  molecules, and with ambient temperature. For example, 

the surface conduct ivi ty  of an e l e c t r i c a l  grade bo ros i l i ca t e  i s  

increased by approximately f i v e  orders  of magnitude by increasing 

4 -  

r e l a t f v e  humidity from lG$ t o  90%. 
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Two types of techniques have been developed for producing 

MOS devices and arrays which have reasonably low threshold voltage 

and are relatively stable. In one approach, the wafers are 

oxidized, processed, and metallized under conditions which minimize 

the sodium and hydrogen ion contamination which would lead to 

device instability. The pther approach, which is more important 

to selecting a glassing process, avoids gross sodium contaminatidn 

and a phosphorus diffusion is applied to produce a thin phosphoL 

silicate layer on the surface of the thermally grown oxide. The 

phosphosilicate layer effectively getters any mobile sodium o r .  

hydrogen ions present in the thermally grown oxide, o r  subsequently 

introduced during aluminum metallization. Since the phospho- 

> 

silicate layer can result in small polarization effects, a relatively 

thin ( l e s s  than 0.1 r~.) P2050Si02 layer has been congidered more 

desirable than a thick ( 0 . 3  k)  layer. 

This, then, is one of the considerations which must be taken 

into 'account when choosing a material to be used in glassing of 

silicon wafers. 

render a P205'Si02 layer incapable of gettering sodium. 

it would be expected that the P205-containing layer would be 

incapable of gettering and immobilizing more than one cation of 

It has been shown, for example, that B2O3 can 

Also, 

any type per phosphorus atom4 Accordingly, a thin phosphosilica-be 

layer covered by a borosilicate glass, such as Corning No. 7740 

o r  a lead borosilicate glass, would not be capable Qf immobilizing 

'mobile cations. 

F'urthermore, commercially available glasses generally have an 

&appreciable alkali ion content which would exceed the available 
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phosphorus, and thus cause device reliability problems I) Even 

"alkali-free" glass (Corning No. 7059) has been found to contain 

several hundred ppm sodium. 
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STATISTICAL DATA FOR REVERSE BIAS TESTING 
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APPENDIX C 

PROCESSING SPECIFICATIONS 



SUBJECT: VAPOR DEPOSITION OF $io;? BY THE OXIDATION OF SILANE 

I. OBJECT 

To describe the  mater ia l s  and procedures required f o r t h e  vapor p la t ing  of 
Si02 f o r  use on metalized integrated c i r cu i t s .  

11. EQUIPMENT 

1. Pla t ing  System 

a. 

b. 

e. 

d. 

e. 

f. 

g* 

he 

i. 

3 .  

Sink hood o r  t ab le  with exhaust f a c i l i t y .  

D r y  Oxygen - less than 10 ppm. 

D r y  Nitrogen - l e s s  than 10 ppm. 

3.5% A 0.1% Silane i n  Nitrogen, A i r  Products Spec ia l i ty  Gas 
Dept., h u s ,  Pa., o r  equivalent. 

Flow Meters 

1. Oxggen - 0-350 cc/min. A i r  Cal ibrat ion 

2. Nitrogen - 0-10000 cc/min. A i r  Cal ibrat ion 

3 . Nitrogen-Silane - 0-800 cc/min. A i r  Cal ibrat ion 

Hot P la t e  

1. Heating element - must heat t o  500OC uniformly over a 
6" diameter, 1" th ick  aluminum plate .  

2. Control ler  - must control  t o  A l O C . ,  Matheson L a b s t a t  
0-5000C mercury thermometer, Matheson Co., o r  equivalent. 

Si lane Tank Regulator and Safety Flush System, A i r  Products 
Gorp,, Emmaus, Pa. 

Lab Jack - t o  r a i s e  and lower hot  plate .  

P la t ing  Nozzles as per drawing Page 2 . 
Optional Equipment 
Optics Technology Monitor Photometer Model 240, C.E.Smith & Assoc. 
Summit, New Jersey  
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SUBJECT: VAPOR DEPOSITION OF Si02 BY THE OXIDATION 
OF SILANE 

111. WAFER CLEANING EQUIPMEsJT 

a. Sink and D.I .  water 

b, Methyl Alcohol Vapor Dryer 

c. Trichloroethylene 

d. Methyl Alcohol 

IV. PROCEDURE 

a. Start Up 

1. 

2. 

3. 

4.. 

5 .  

6. 

7. 

Assemble equipment as per drawing Page 4 . The hot  p l a t e  
and the  flow meters should be located ins ide  an exhaust hood. 

Turn on Lab-Stat 

Turn on power supply and control  system, 
reach 400OC. 

Flush SiH4 l i n e  

(a) Open SiH4 valve (1) 

Allow hot  p l a t e  t o  

(b) Open N2 Flush valve (2) 

(c)  Open r e m a t o r  valve (3) 

(d) Open outs ide exhaust valve (4) 

Allow l i n e s  t o  f lu sh  f o r  2-3 minutes a t  regulator  pressure of 
5 ps i -  

(e) Close valves 4 - 3 - 2 1 i n  t h a t  order. 

Set  nitrogen flow meter (See addendum f o r  conditions) 

Set  oxygen flow meter (See addendum f o r  conditions) 

Open SiH4-N2 tank  valve (5) , Set  pressure regulator  a t  20 psi .  
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SUBJECT: VAPOR DEPOSITION OF Si02 BY THE OXIDATION 
OF SILANE 

PROCEDURE (Continued) 

8. 

9. 

10. Set silane f low meter (See addendum f o r  condition) 

Open r e m a t o r  needle valve (3) . 
Open S M ~  valve (1) . 

Allow to  run f o r  approximately 1 minute. 

11. Close SiH4 valve (I) 

System is now ready f o r  plating wafers. 
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SUBJECT: VAPOR DEPOSITION OF Si02 BY THE OXIDATION 
OF w t  

PROCEDURE (Continued) 

b. Wafer Cleaning 

1. Spray with Trichloroethylene 

2. Spray with Methanol 

3. D r y  i n  vapor dryer - if  not dr ied  immediately, s to re  i n  Methanol 
untfil drying 

Note: 

(no t  more than 15 minutes) . 
Wafers should be glassed immediately a f t e r  cleaning. 

C .  Vapor P la t ing  

1. 

2. 

3. 

4. 

5 ,  

6, 

7. 

Place f r e sh ly  cleaned wafer on hot  p la te ,  posit ioning so t ha t  
it i s  i n  the  center of t he  hot plate .  

Raise hot  p l a t e  u n t i l  contact i s  made with t h e  nozzle; posi- 
t ioning wafer d i r e c t l y  under the inner sect ion of the  nozzle. 

Open SiH valve (1) and simultaneously tu rn  on timer. P la t ing  

Allow pla t ing  t o  continue f o r  the  desired time. (See addendum 
f o r  time) . 
Close SiH4 valve (I). 

Lower hot  p l a t e  and remove wafer. 

Repeat Steps 1 through 6 f o r  each successive wafer t o  be plated. 

begins A o s t  immediately. 

- Note: After p la t ing  10 wafers, the  nozzle must be replaced with 
a clean nozzle. 

. Shut Down Procedure a t  End of Days Runnina: 

1, !l!urn off Labstat. 

2. 

3, 

4 .  

Turn off  power supply and s e t  var iac  t o  zero. 

Shut off Si lane flow meter. 

Shut off oxygen flow meter. 
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SUBJECT: VAPOR DEPOSITION OF Si02 BY THE OXIDATION 
OF SILANE 

PROCEDURE (Continued) 

d. Shut Down Procedure a t  End of Days Running: 

5 .  

6. 

Set  nitrogen flow meter t o  approximately 2000 cc/min. 

Close SiH4-N2 tank valve ( 5 ) .  

7. Repeat Steps 4(a) t h r u  4(e) of S t a r t  Up Procedure. 
(Before completing Step ,!+(e), open Silane flow meter f o r  30 sec., 
c lose and proceed with final s t ep  4(e).) 

V. MONITORING OF VAPOR PLATING THICKNESS 

1. 

2. 

3. 

4 .  

5 .  

R u n  one monitor before p la t ing  production wafers and one after 
complet5on of l o t .  

S t r i p  one ha l f  of each monitor f o r  thicknesra measurement, 
Surf o r  other)  

(Tally 

Record reading i n  l og  book. 

Return both monitors t o  l o t .  

The Optics Technology Monitor Photometer can be used as an al terna-  
t i v e  means of thickness control ,  
equipment i s  required f o r  a pa r t i cu la r  angle of incidence between 
t h e  wafer and l i g h t  source; t h i s  angle ( 5 5 " )  i s  qu i t e  c r i t i c a l  ( * 2 O ) .  
The sZgnal from the  sensor i s  monitored by a s t r i p  char t  recorder 
and has t o  be in te rpre ted .  
questionable on a fast production line and is interided t o  d isp lay  
the deposit ion process d p m i c a l l y  f o r  engineering or  s e t  up purposes. 

Empirical ca l ib ra t ion  of t h i s  

The usefulness of t h i s  equipment i s  
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VAPOR DEPOSITION OF Si02 BY !CHE OXIDATIONSUPERSEDES 
SUBJECT: OF SILANE 

ADDENDUM 

For the laboratory ayetem the flow conditione for a plating rate of 5000 il/min. 
are : 

Flow Meters 
oalibrated for a i r  

Nitrogen - 7000 co/min 

Oxygen - 300 oa/min 

Silane .I 600 cc/min 

These conditions used i n  a 2" diameter wafer w i l l  give a uniform Si02 layer 
(t500 8) over 1.8" diameter of the wafer. 

These flow rates may vary s l ightly from eystem t o  syetem and met be altered 
t o  control plating rate. 
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